On the Ecology and Restoration of Podocarpus cunninghamii in the Eastern South Island High Country by Williams, Alwyn
 On the Ecology and Restoration of  
Podocarpus cunninghamii 
in the Eastern South Island High Country 
 
A thesis 
submitted in partial fulfilment 
of the requirements for the Degree 
of 
Doctor of Philosophy 
in the University of Canterbury 
by 
Alwyn Williams 
 
School of Forestry 
University of Canterbury 
2010 
 

 i
Table of Contents 
List of Figures .............................................................................................................. vi 
List of Tables .............................................................................................................. vii 
List of Plates ............................................................................................................. viii 
Abstract ........................................................................................................................ ix 
Acknowledgements ...................................................................................................... x 
1 Introduction ............................................................................................................... 1 
1.1 The eastern South Island high country ................................................................. 1 
1.3 Why restore Podocarpus cunninghamii? ............................................................. 8 
1.3.1 Why we should restore Podocarpus cunninghamii forest ............................ 8 
1.3.2 Why we need active restoration of Podocarpus cunninghamii forest ........ 11 
1.4 Aims and objectives ........................................................................................... 16 
1.4.1 Thesis outline .............................................................................................. 17 
2 Podocarpus cunninghamii in the eastern South Island high country ................. 18 
2.1 Introduction ........................................................................................................ 18 
2.2 Vegetation history of the eastern South Island high country ............................. 19 
2.2.1 Pre-human cover ......................................................................................... 19 
2.2.2 Human impacts on the vegetation ............................................................... 25 
2.3 Current distribution and associations of Podocarpus cunninghamii ................. 28 
2.3.1 The Kaikoura Ranges .................................................................................. 30 
2.3.2 Central Canterbury high country ................................................................ 33 
2.3.3 South Canterbury high country ................................................................... 36 
2.3.4 Central Otago .............................................................................................. 38 
2.4 Summary ............................................................................................................ 40 
3 The ecology of Podocarpus cunninghamii in the high country ........................... 42 
3.1 Introduction ........................................................................................................ 42 
3.2 Methods.............................................................................................................. 43 
3.2.1 Study sites ................................................................................................... 43 
3.2.2 Data collection ............................................................................................ 44 
3.2.3 Statistical analysis ....................................................................................... 49 
3.3 Results ................................................................................................................ 55 
3.3.1 Study sites ................................................................................................... 55 
3.3.2 Vegetation surveys ...................................................................................... 67 
 ii
3.3.3 Population dynamics ................................................................................... 82 
3.4 Discussion .......................................................................................................... 89 
3.4.1 Current species distributions and community structure .............................. 89 
3.4.2 Population dynamics ................................................................................... 93 
3.4.3 Implications for restoration ......................................................................... 96 
4 Arbuscular mycorrhizae and forest restoration on ex-agricultural land .......... 99 
4.1 Introduction ........................................................................................................ 99 
4.2 Arbuscular mycorrhizal fungi .......................................................................... 100 
4.2.1 Nutrient acquisition ................................................................................... 102 
4.2.2 Plant-soil water relations........................................................................... 103 
4.2.3 Soil aggregation and carbon storage ......................................................... 104 
4.2.4 Resistance to soil-borne pathogens and pests ........................................... 105 
4.3 Effects of agriculture on AMF communities ................................................... 105 
4.3.1 Forest conversion to agriculture ................................................................ 106 
4.3.2 Different agricultural practices ................................................................. 108 
4.3.3 Implications for restoration ....................................................................... 109 
4.4 Use of AMF for tree and shrub restoration ...................................................... 111 
4.4.1 Practical considerations ............................................................................ 112 
4.5 Conclusions and knowledge gaps .................................................................... 113 
4.5.1 Outline of next five chapters ..................................................................... 115 
5 Investigation of high country Podocarpus cunninghamii and grassland AMF 
communities ........................................................................................................... 116 
5.1 Introduction ...................................................................................................... 116 
5.2 Methods............................................................................................................ 117 
5.2.1 Collection of root material ........................................................................ 117 
5.2.2 Preparation of root material ...................................................................... 117 
5.2.3 Percentage root length colonised .............................................................. 119 
5.2.4 Molecular methods with root material ...................................................... 119 
5.2.5 AMF spore cultures................................................................................... 128 
5.3 Results .............................................................................................................. 130 
5.3.1 Preparation of root material ...................................................................... 130 
5.3.2 Percentage root length colonised .............................................................. 131 
5.3.3 Molecular results with root material ......................................................... 132 
5.3.4 Molecular results with pot cultures ........................................................... 137 
 iii
5.4 Discussion ........................................................................................................ 138 
6 The effect of ex-agricultural and forest AMF on the growth of Podocarpus 
cunninghamii cuttings ........................................................................................... 143 
6.1 Introduction ...................................................................................................... 143 
6.2 Methods............................................................................................................ 144 
6.2.1 Collection and propagation of cuttings ..................................................... 144 
6.2.2 Collection and preparation of soils ........................................................... 145 
6.2.3 Inoculation of plants ................................................................................. 147 
6.2.4 Initial measurements ................................................................................. 148 
6.2.5 Harvest and final measurements ............................................................... 149 
6.2.6 Nutrient analysis ....................................................................................... 149 
6.2.7 Statistical analysis ..................................................................................... 149 
6.3 Results .............................................................................................................. 151 
6.3.1 AMF colonisation ..................................................................................... 151 
6.3.2 Plant growth .............................................................................................. 151 
6.3.3 Nutrient analysis ....................................................................................... 153 
6.4 Discussion ........................................................................................................ 154 
7 The effect of an indigenous and a commercial AMF on the growth of 
Podocarpus cunninghamii cuttings ...................................................................... 158 
7.1 Introduction ...................................................................................................... 158 
7.2 Methods............................................................................................................ 159 
7.2.1 Preparation of inoculants .......................................................................... 159 
7.2.2 Inoculation of plants ................................................................................. 160 
7.2.3 AMF dependency and sensitivity .............................................................. 161 
7.2.4 Nutrient analysis ....................................................................................... 161 
7.3 Results .............................................................................................................. 162 
7.3.1 AMF colonisation, dependency and sensitivity ........................................ 162 
7.3.2 Plant growth .............................................................................................. 163 
7.3.3 Nutrient analysis ....................................................................................... 164 
7.4 Discussion ........................................................................................................ 166 
8 A field trial of the effect of the different AMF inoculants on the growth of 
Podocarpus cunninghamii cuttings ...................................................................... 169 
8.1 Introduction ...................................................................................................... 169 
8.2 Methods............................................................................................................ 170 
 iv
8.2.1 Experimental treatments ........................................................................... 170 
8.2.2 Experimental setup .................................................................................... 170 
8.3.3 Measurements and statistical analysis ...................................................... 170 
8.3 Results .............................................................................................................. 171 
8.3.1 Root colonisation ...................................................................................... 171 
8.3.1 Height growth ........................................................................................... 171 
8.4 Discussion ........................................................................................................ 172 
9 Current nursery practice with regard to mycorrhizae and the propagation of 
New Zealand’s native plants ................................................................................ 175 
9.1 Introduction ...................................................................................................... 175 
9.2 Methods............................................................................................................ 177 
9.3 Results .............................................................................................................. 178 
9.4 Discussion ........................................................................................................ 178 
10 Estimating carbon stocks in stands of Podocarpus cunninghamii .................. 182 
10.1 Introduction .................................................................................................... 182 
10.2 Methods.......................................................................................................... 184 
10.2.1 Data collection ........................................................................................ 184 
10.2.2 Estimation of living carbon stocks .......................................................... 185 
10.2.3 Estimation of carbon sequestration rate .................................................. 185 
10.3 Results ............................................................................................................ 186 
10.3.1 Estimation of living carbon stocks .......................................................... 186 
10.3.2 Estimation of carbon sequestration rate .................................................. 188 
10.4 Discussion ...................................................................................................... 191 
10.4.1 Estimation of living carbon stocks .......................................................... 191 
10.4.2 Estimation of carbon sequestration rate .................................................. 193 
11 Conclusions .......................................................................................................... 195 
11.1 The ecology of Podocarpus cunninghamii .................................................... 195 
11.1.1 Community ecology ................................................................................ 195 
11.1.2 Population dynamics ............................................................................... 196 
11.1.3 Implications for restoration ..................................................................... 197 
11.2 AMF and Podocarpus cunninghamii restoration ........................................... 198 
11.2.1 Ex-agricultural and forest AMF .............................................................. 198 
11.2.2 Commercial and indigenous AMF .......................................................... 199 
11.2.3 Implications for restoration ..................................................................... 200 
 v
11.3 Carbon stocks and Podocarpus cunninghamii restoration............................. 201 
11.4 Practical recommendations ............................................................................ 202 
11.4.1 Creating new Podocarpus cunninghamii forest ...................................... 202 
11.4.2 Rehabilitating existing Podocarpus cunninghamii forest ....................... 203 
11.5 Future research ............................................................................................... 204 
11.5.1 A community approach to restoration ..................................................... 204 
11.5.2 Successional processes............................................................................ 205 
11.5.3 Invasive species ...................................................................................... 206 
11.5.4 Nursery production ................................................................................. 206 
11.5.5 Carbon stocks .......................................................................................... 207 
11.6 Final conclusions ........................................................................................... 207 
References ................................................................................................................. 209 
Appendix 1 ................................................................................................................ 237 
Appendix 2 ................................................................................................................ 249 
Appendix 3 ................................................................................................................ 253 
Appendix 4 ................................................................................................................ 259 
Appendix 5 ................................................................................................................ 265 
 
 vi
List of Figures 
1.1 The high country of New Zealand’s South Island ...................................................2 
1.2 Past and present distributions of Nothofagus solandri and Podocarpus 
cunninghamii............................................................................................................7 
2.1 Pollen diagram from Kettlehole Bog, Cass, Canterbury........................................21 
2.2 Pollen diagram from Central Otago.......................................................................23 
2.3 Predicted potential pre-human forest cover of the South Island............................26 
2.4 Pollen diagram from Winterton Bog, Inland Kaikoura Range, Marlborough .......27 
2.5 The distribution of Podocarpus cunninghamii communities throughout the high 
country ...................................................................................................................29 
3.1 Locations of the 12 study sites...............................................................................47 
3.2 Seven class dendrogram derived from TWINSPAN analysis ...............................72 
3.3 RDA ordination biplot of sites/plots ......................................................................79 
3.4 RDA ordination biplot of environmental variables ...............................................80 
3.5 RDA ordination biplot of species ..........................................................................81 
3.6 Mean age and errors by dbh...................................................................................83 
3.7 Dbh-age relationships of Podocarpus cunninghamii.............................................84 
3.8 Height-age relationships of Podocarpus cunninghamii.........................................85 
3.9 Podocarpus cunninghamii size class distributions ................................................87 
3.10 Podocarpus cunninghamii age class distributions...............................................88 
3.11 Four class dendrogram of Podocarpus cunninghamii age class distributions.....89 
4.1 The phylogeny of the Glomeromycota ................................................................101 
5.1 The relative locations of the SSU and LSU rDNA primers.................................122 
5.2 Percent root length colonisation at the five different sampling sites ...................133 
5.3 Phylogenetic placement of AMF associated with Podocarpus cunninghamii ....139 
6.1 Podocarpus cunninghamii growth with AMF and grass treatments ...................152 
7.1 Podocarpus cunninghamii growth with AMF and grass treatments ...................164 
8.1 Podocarpus cunninghamii growth with AMF treatment .....................................172 
9.1 Plant nursery responses to mycorrhizae survey ...................................................179 
10.1 Podocarpus cunninghamii carbon stocks and annual soil moisture deficit.......187 
10.2 Mean annual and cumulative Podocarpus cunninghamii diameter increment ..189 
10.3 Log-log relationship of Podocarpus cunninghamii dbh and height ..................190 
 
 vii
List of Tables 
3.1 Details of the 12 study sites ...................................................................................46 
3.2 Stand characteristics of Podocarpus cunninghamii at the six study sites..............54 
3.3 LENZ environmental data for the 12 study sites ...................................................54 
3.4 Site-plot contributions and biodiversity metrics of the vegetation classes ............68 
3.5 Soil properties of the vegetation classes ................................................................71 
3.6 LENZ environmental variables of the vegetation classes......................................73 
3.7 Stand characteristics of the vegetation classes.......................................................73 
3.8 Pearson’s product-moment correlation coefficients for PCA axes........................76 
3.9 Linear regression results of RDA axes against environmental variables ..............77 
3.10 Age underestimates associated with individual tree cores...................................83 
5.1 Primer combinations for the non-nested, hemi- and fully nested PCRs ..............123 
6.1 AMF root length colonisation of Podocarpus cunninghamii and Agrostis 
capillaris ..............................................................................................................151 
6.2 Final Agrostis capillaris shoot biomass and nutrient levels ................................153 
6.3 Podocarpus cunninghamii root nutrient levels ....................................................153 
7.1 AMF root length colonisation of Podocarpus cunninghamii and Agrostis 
capillaris ..............................................................................................................162 
7.2 Final Agrostis capillaris shoot biomass and nutrient levels ................................163 
7.3 Podocarpus cunninghamii nutrient levels ...........................................................165 
8.1 Podocarpus cunninghamii root colonisation prior to outplanting .......................171 
10.1 Stand characteristics of Podocarpus cunninghamii at the six study sites..........184 
10.2 Carbon stocks of Podocarpus cunninghamii at the six study sites....................186 
10.3 Per hectare carbon stocks of 100 year old hypothetical stands of Podocarpus 
cunninghamii........................................................................................................188 
 
 
 
 
 
 
 
 
 
 
 viii
List of Plates 
1.1 Wind-borne soil erosion.........................................................................................10 
2.1 Podocarpus cunninghamii forest in the upper Hapuku, Seaward Kaikoura Range
......................................................................................................................................31 
2.2 Podocarpus cunninghamii in the Tone River catchment, Inland Kaikoura Range32 
2.3 Podocarpus cunninghamii forest in the upper Lawrence Valley...........................33 
2.4 Podocarpus cunninghamii forest at the southern end of the Two Thumb Range .35 
2.5 Podocarpus cunninghamii forest on the Sealy Range, near Mt Cook Village ......36 
2.6 Podocarpus cunninghamii on the southwest face of Mt Ben Ohau.......................37 
2.7 Podocarpus cunninghamii remnant at the southern end of the Diadem Range.....38 
2.8 Podocarpus cunninghamii at Alfern Creek Conservation Area ............................39 
3.1 Podocarpus cunninghamii at Tone River ..............................................................56 
3.2 Mature Podocarpus cunninghamii trees at Upper Hapuku....................................57 
3.3 Mature Podocarpus cunninghamii trees at Upper Lawrence ................................58 
3.4 Scattered Podocarpus cunninghamii woodland at Dogs Range ............................59 
3.5 Emergent Podocarpus cunninghamii overlooking Tasman Lake..........................61 
3.6 Patch of Podocarpus cunninghamii woodland at Godley Peaks ...........................62 
3.7 Podocarpus cunninghamii at Mt Ben Ohau...........................................................63 
3.8 Podocarpus cunninghamii at Longslip Station......................................................64 
3.9 Scattered Podocarpus cunninghamii at Lindis ......................................................65 
3.10 Kunzea ericoides scrubland with Podocarpus cunninghamii, at Pisa Range ......66 
5.1 The relative efficacy of four different root pigment clearing methods................131 
5.2 Trypan blue stained AMF structures....................................................................132 
5.3 Results of primary PCRs......................................................................................134 
5.4 Nested PCR products ...........................................................................................134 
5.5 Nested PCR products ...........................................................................................135 
5.6 SSCP results of PCR products containing multiple amplimers ...........................137 
 
 
 
 
 
 
 
 ix
Abstract 
 
Podocarpus cunninghamii is an endemic New Zealand conifer that, in pre-human 
times, formed extensive forest communities across the eastern South Island high 
country.  Anthropogenic disturbances have reduced the distribution of Podocarpus 
cunninghamii communities such that they now exist mainly as small and isolated 
remnants within a highly modified, predominantly pastoral landscape.  Very little is 
known of the ecology of high country Podocarpus cunninghamii communities, and 
without this information it is not possible to develop an ecological basis for their 
restoration.  This thesis explores the ecology of Podocarpus cunninghamii in the 
eastern South Island high country, investigating factors that potentially affect the 
restoration of Podocarpus cunninghamii within this environment, with special 
attention paid to the role of arbuscular mycorrhizal fungi (AMF).   
 
Field investigations of Podocarpus cunninghamii communities showed that they 
contain a high degree of floristic and structural variation determined by soil and 
climatic variables.  Analysis of age and size class distributions suggest that 
Podocarpus cunninghamii has more than one regeneration strategy, and can 
regenerate within intact forest following the opening of small canopy gaps or can 
undergo large-scale recruitment following catastrophic disturbance.  Field and 
glasshouse experiments investigating growth and nutrient responses of Podocarpus 
cunninghamii to different AMF inoculants found that Podocarpus cunninghamii 
responses are dependent on both AMF type and grass competition.  Finally, 
investigation of Podocarpus cunninghamii carbon stocks showed that they are less 
than that of other New Zealand forest types, but are greater than that of grazed 
pastures.   
 
Successful restoration of high country Podocarpus cunninghamii communities will 
require the incorporation of associated species based on local environmental 
conditions, and will also need to allow for disturbance processes.  AMF may have an 
important role to play in restoration by reducing seedling production times and by 
increasing the competitiveness of Podocarpus cunninghamii when in competition 
with exotic grasses.      
 x
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1 Introduction 
 
This thesis explores the ecology of Podocarpus cunninghamii in the eastern South 
Island high country and considers some of the factors that potentially affect its 
successful restoration.  In this chapter I introduce both the eastern South Island high 
country and Podocarpus cunninghamii, and provide some background to the different 
elements of the thesis, as well as the overall thesis structure. 
 
1.1 The eastern South Island high country 
The South Island high country is a diverse and evocative landscape encompassing 
rugged mountains, intermontane basins, dense forest and golden tussock grassland.  
Much of the natural diversity found in the high country is largely driven by the 
domination of the climate by prevailing westerly winds rich in moisture.  The 
Southern Alps, which form a near unbroken chain of mountains from the north to the 
south of the South Island, create a distinct physical barrier, causing the vast majority 
of the moisture carried by the prevailing wind to be deposited on the west coast, 
where annual rainfall values can exceed 10,000 mm (Wardle, 1991).  Once east of the 
Main Divide there is a dramatic reduction in rainfall that follows a declining 
eastwards gradient; along this gradient rainfall can drop to as low as 350 mm per 
annum (MAF, 2001, Wardle, 1991), forming the “eastern New Zealand dryland 
zone”, or more simply, the “drylands” (Rogers et al., 2005).  Continuing eastwards to 
the coast, the landscape becomes increasingly affected by easterly winds carrying 
moisture from the Pacific and Southern Oceans.  As such, the east coast receives 
greater annual rainfall than much of the high country east of the Main Divide.   
 
An approximate outline of the extent of the South Island high country is provided by 
Swaffield and Hughey (2001) (Figure 1.1).  It can generally be broken down into 
three distinct geographical areas: the Western Barrier, the Eastern Range and Basin 
(ERB), and the Otago Block and Basin (OBB).  The eastern South Island high 
country, to which this research is confined, is largely delineated by the boundaries of 
the ERB and OBB.  These Blocks differ markedly from the Western Barrier due to the 
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dramatic rainfall gradient described earlier.  The eastern boundary of the Western 
Barrier does not precisely follow the ranges of the Main Divide; as such, many  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 – The high country of New Zealand’s South Island.  The eastern high 
country is largely defined by the Eastern Range and Basin and the Otago Block and 
Basin.  The eastern mountains of the Main Divide fall within the Western Barrier.  
Modified from Swaffield and Hughey (2001). 
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mountains that are actually part of ranges east of the Main Divide fall within the area 
defined as the Western Barrier.  In addition, portions of the Seaward Kaikoura Range 
exist outside of the boundary of the ERB.  Despite these limitations, the area bounded 
by the ERB and OBB largely defines the geographical scope of this research project; 
that is, the eastern South Island high country, which for the purposes of convenience, 
shall henceforth be simply referred to as ‘the high country’.   
 
Prior to human settlement, forest is believed to have covered 85-90% of the New 
Zealand land surface below the alpine tree line (McGlone, 1989).  A combination of 
factors, most notably early Polynesian fires followed by further fire, forest clearing 
and the introduction of grazing animals associated with European agricultural 
expansion, led to a dramatic decline in this cover; New Zealand’s indigenous forests 
now accounts for only 24% of the land cover (Ewers et al., 2006).  The dry eastern 
ranges of the South Island have been particularly vulnerable to this forest loss.   
 
Since European discovery in the nineteenth century, the high country has had a long 
history of grazing management, with frequent burning to clear scrub and maintain 
pasture (Buchanan, 1868, Munro, 1868).  The current vegetation therefore reflects 
those species that survived initial Polynesian deforestation followed by the more 
recent impacts of expansionist European pastoralism; the landscape is therefore 
predominantly grassland.  Those woody species remaining are likely to represent the 
most fire tolerant and unpalatable members of the flora (Standish et al., 2009).  In 
addition, it is immediately discernable from cursory observation of the high country 
that remnant patches of woody vegetation have a non-random distribution – they find 
refuge within gullies, or the confines of steep boulder fields, or cling to rocky 
outcrops and bluffs; all of which are fire-free refuges.  This combination of 
anthropogenic and refuge-based species selection makes it highly unlikely that these 
remnant patches of vegetation are representative of the flora that covered the 
landscape prior to human arrival.  The small size of the remnants also makes them 
highly susceptible to edge effects, further diminishing their likelihood of representing 
the original flora (Walker et al., 2004a).   
 
Although the remnant woody communities present in the high country are unlikely to 
accurately represent the pre-human regional flora, they are still of great importance.  
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They are the last vestiges the pre-human woody flora, modified or not, thus providing 
invaluable insight into the vegetation history of the high country (Walker et al., 2003).  
Furthermore, they are of great conservation value, providing the only indigenous 
habitat for woodland species within a highly deforested landscape – Marlborough, 
Canterbury and Otago have lost 74%, 91% and 90% of their pre-human forest covers 
respectively (Ewers et al., 2006).  While this forest loss has not been restricted to the 
high country, climatic moisture stress has been found to be highly correlated with 
forest loss (Ewers et al., 2006).  This moisture stress made the eastern dryland 
vegetation more vulnerable to fire than many eastern coastal areas that experience less 
moisture stress, and thus exacerbated the extent of loss in the eastern drylands 
(McGlone, 2001).  Further emphasising the historical and conservation importance of 
these remnant communities, many of them also occur within “land environments” 
classed as either “At Risk” or “Critically Underprotected” (Walker et al., 2008).  “At 
Risk” environments are defined as having 20-30% of the estimated pre-human 
indigenous cover remaining; “Critically Underprotected” environments have >30% 
pre-human indigenous flora remaining but <10% is legally protected.  In fact, only 
1.9% of the entire dryland zone of New Zealand has legal protection (Walker et al., 
2009), and added to their vulnerability is our lack of knowledge of their ecology 
(Walker et al., 2003).   
 
In the last 10-20 years, increasing areas of the high country have changed tenure, and 
have been taken out of active pastoral production and placed under the management 
of the Department of Conservation (Mark et al., 2009).  This has released large tracts 
of former agricultural lands from grazing by domestic livestock (Rogers et al., 2005).  
The removal of livestock grazing is widely considered conducive to the return of 
woody ecosystems to these landscapes (Molloy, 1989, Swaffield and Hughey, 2001).  
However, given the lack of knowledge pertaining to the ecology of indigenous high 
country woody ecosystems, it is recognised that there are many uncertainties 
associated with making decisions on how best to both manage and restore them 
(Rogers et al., 2005).   
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1.2 Podocarpus cunninghamii 
Podocarpus cunninghamii, known commonly as Hall’s, mountain, paper-barked or 
thin-barked totara, is arguably New Zealand’s most tolerant conifer, occurring in both 
lowland and upland environments, in moisture laden rainforest and semi-arid 
drylands.  A member of the Podocarpaceae, it is a New Zealand endemic species able 
to attain heights of 15-20 m and trunk diameters of up to 2 m.  Its needle-like foliage 
is pointed and rigid, often with a distinctive olive green colouration.  The bark of 
mature trees forms a thick layer around the trunk and comes away in long paper-like 
strips (Dawson and Lucas, 2000, NZPCN, 2010).  It is the subject species throughout 
this thesis. 
 
It is worth clarifying the nomenclature used for this species in this thesis.  Two names 
have been proposed: Podocarpus cunninghamii Colenso and Podocarpus hallii Kirk.  
The name Podocarpus cunninghamii was proposed five years before Podocarpus 
hallii (1884 versus 1889), and Kirk is said to have been aware of Colenso’s name 
when he decided to name the species after Hall (Connor and Edgar, 1987).  Kirk is 
regarded as having provided the first definitive description of the species, and it has 
been suggested that Colenso had no intention of ever publishing the name Podocarpus 
cunninghamii; based on this argument, it has been suggested that Podocarpus hallii is 
the correct name (Connor and Edgar, 1987).  However, more recently it has been 
argued that Podocarpus cunninghamii is the correct name because 1) it does pre-date 
the name Podocarpus hallii; and 2) Kirk himself agreed that if Podocarpus 
cunninghamii and Podocarpus hallii were found to be the same species, then the 
name Podocarpus cunninghamii  “must take precedence” (de Lange and Rolfe, 2010).  
In light of this, and despite the fact that the species is commonly referred to as 
Podocarpus hallii, both scientifically and more widely (e.g. in more popular books), I 
will use the name put forward by Colenso in this thesis, that is, Podocarpus 
cunninghamii. 
 
Prior to human arrival, in the period since the mid-Holocene (c. 7,000 years Before 
Present (BP)) up to human arrival in New Zealand (c. 800 years BP (Wolfe and 
Klironomos, 2005, Callaway et al., 2008)),  forest covered extensive areas of the high 
country.  There is consensus that historically a range of vegetation types existed, 
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including woody and non-woody types.  Charcoal, fossil and palynological records all 
indicate that below tree line, on mid- to lower altitude mountain slopes, two forest 
types were the predominant forms of vegetation.  Forests dominated by Nothofagus 
species were common, particularly along the high precipitation axial ranges north of 
the Rakaia headwaters up to the Kaikoura Ranges, and southwards from the head of 
Lake Pukaki (Leathwick, 2001).  Nothofagus was absent from the area in between 
(covering the Rakaia and Rangitata catchments), known as the Southern Alps “beech 
gap” (Pivato et al., 2009), and further to the southeast, in the dryland areas of the 
Mackenzie Country and Central Otago (Figure 1.2).  These areas remained covered by 
forests in which Podocarpus cunninghamii was a major component (McGlone, 1989, 
McGlone, 2004, Molloy et al., 1963).  Podocarpus cunninghamii was the dominant 
podocarp in these communities and formed distinctive tall forests in association with 
species such as Griselinia littoralis and Phyllocladus alpinus.  Both forest types were 
largely absent from valley bottoms due to the effects of diurnal temperature inversions 
and water stress; these bottomlands supported a small-leaved shrub and grassland 
community (McGlone, 2004).  Extensive tracts of Nothofagus forest still exist, and 
much of these forests occur within New Zealand’s public conservation estate, such as 
in Arthur’s Pass National Park, Ahuriri Conservation Park and Mt Aspiring National 
Park.  In contrast, Podocarpus cunninghamii has a very limited and scattered present 
day distribution throughout the high country (Norton, 2006), and many populations 
occur outside of the public conservation estate.   
 
The woody communities of the high country are amongst the least understood and 
least studied ecological systems within New Zealand (Rogers et al., 2005, Walker et 
al., 2003).  As a result, very little is known of the ecology of Podocarpus 
cunninghamii within the high country environment; for example, little is known of the 
vegetation communities Podocarpus cunninghamii forms and how composition is 
affected by environmental gradients.  The study by Wells (1972) remains the best 
source of information on Podocarpus cunninghamii ecology in the high country, but it 
is limited to Central Otago and provides only scanty information on Podocarpus 
cunninghamii community ecology and population dynamics.  In the absence of this 
knowledge it is not possible to develop an ecological basis for the restoration of 
Podocarpus cunninghamii populations within the high country. 
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Figure 1.2 – The current distribution of Nothofagus solandri (MAF, 2009), and the 
areas east of the Main Divide where, prior to human arrival, Podocarpus 
cunninghamii forest is thought to have dominated and remnants still exist. 
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1.3 Why restore Podocarpus cunninghamii? 
The question of ‘why restore?’ encompasses two related but different questions.  The 
first is why should we attempt to restore Podocarpus cunninghamii communities?  
The second is, if we accept that we should restore these communities, why do we need 
to actively conduct ecological restoration rather than simply set aside the grasslands 
and allow them to naturally revert back to their historically wooded state?   
 
1.3.1 Why we should restore Podocarpus cunninghamii forest 
The ecological restoration of Podocarpus cunninghamii communities to parts of the 
high country offers numerous benefits to society.  These benefits, which are common 
to all abandoned agricultural fields on which native woody vegetation redevelops, 
centre on the potential for improved conservation of indigenous biodiversity, control 
of soil erosion, and increased carbon sequestration (Standish et al., 2009).   
 
1.3.1.1 Conservation of indigenous biodiversity 
The current distribution of Podocarpus cunninghamii remnants is both very limited 
and highly fragmented (Walker et al., 2003).  In light of the evidence for an extensive 
pre-human distribution of Podocarpus cunninghamii communities across the high 
country compared with the current distribution, it is clear that, in terms of habitat loss, 
Podocarpus cunninghamii communities are amongst the most impacted forest types in 
New Zealand.  As such, the restoration of Podocarpus cunninghamii woody 
communities to the high country would be in of itself an important step for the 
conservation of indigenous biodiversity.  However, because Podocarpus 
cunninghamii remnants are also highly fragmented, restoration can play another 
important role.   
 
Fragmented populations are often small, and being subject to the species-area 
relationship they tend to have low species diversity (Meurk and Hall, 2006, Tate et 
al., 1997).  In addition, fragments typically exist within a highly modified landscape, 
e.g. a forest patch within an agricultural landscape.  This subjects the fragment to edge 
effects, such as changes in wind exposure and water availability, as well as increased 
susceptibility to invasion by species found in the surrounding landscape matrix 
(Saunders et al., 1991, Carswell et al., 2008, Tate et al., 1997).  This includes native 
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species not typical of the fragment vegetation type but that occur adjacently, e.g. 
grassland species invading a forest fragment edge, as well as exotic species.  Edge 
effects can alter the microclimate of the fragment and make it less suitable for its 
original forest inhabitants (Saunders et al., 1991, Murcia, 1995).  Depending on the 
shape and total area of the fragment, edge effects may pervade throughout the entirety 
of the remnant and remove all ‘core’ habitat, leading to changes in species 
composition and abundance (Kirschbaum et al., 2009, Newsome, 1987).  The 
isolation in which fragments often occur can also cause genetic bottlenecking and 
population decline through density dependent phenomena such as the Allee effect 
(Stephens and Sutherland, 1999, Gibbs et al., 2007).  Furthermore, models of climate 
change predict that species will need to migrate at historically unprecedented rates in 
order to keep pace with climate induced range shifts; this will likely have dire 
consequences for populations confined to isolated remnants within a highly modified 
landscape that inhibits both gene flow and migration (Davis and Shaw, 2001, Travis, 
2003).  In light of this, restoration of Podocarpus cunninghamii woody communities 
can increase both the connectivity of remnants and the size of existing remnants.  This 
will enhance biodiversity conservation values within the high country and give greater 
resilience to populations of indigenous species in the face of any future perturbations, 
climatic or otherwise.   
 
1.3.1.2 Soil erosion control 
The conversion of high country forests to grassland has increased its susceptibility to 
soil erosion.  Contrary to the findings of early studies on high country soil erosion, 
which were carried out in the early 1900s, the current view is that the majority of 
human-induced, or “anthropic” soil erosion took place as a result of early Polynesian 
deforestation rather than European pastoralism (McSaveney and Whitehouse, 1989, 
Whitehouse, 1984).  However, it is considered that tussock grasslands exposed to 
heavy sheep grazing, frequent burning, rabbit infestation or Hieracium invasion are 
environments with high susceptibility to surface soil erosion (Hicks, 1995).  Of most 
concern in the high country is erosion caused by wind blow (Plate 1.1) and sheet 
wash; 77%, 86% and 88% of soil erosion in Nelson-Marlborough, Canterbury and 
Otago, respectively, is driven by these processes, and the percent of farmland within 
these regions on erodible land, in 1995, was 31%, 69% and 58% respectively (Hicks, 
1995).  A proportion of this land is no longer affected by sheep grazing, due to 
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changes in land tenure, but rabbit infestation and ongoing herbivory by feral 
ungulates, as well as Hieracium invasion, remain serious problems that maintain the 
vulnerability of these areas to wind erosion.   
 
 
Plate 1.1 – Wind-borne soil erosion near Omarama, south Canterbury. 
 
The restoration of woody communities to deforested hill country has been found to 
have beneficial effects in terms of reducing soil erosion.  Research in the Loess 
Plateau, China, an area that suffers from high levels of soil erosion and which has 
similar annual precipitation to the high country (560-700 mm), has shown that 
reforestation of hill country can result in significant reductions in soil erosion rates (Li 
et al., 2010, Zheng, 2006).  This suggests that the restoration of Podocarpus 
cunninghamii communities in the high country could also reduce rates of soil erosion, 
especially if it was targeted to particularly erosion prone areas like steep gullies or 
severely degraded hill faces (O'Loughlin, 2005).   
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1.3.1.3 Carbon sequestration 
As part of the global effort to confront climate change, numerous countries became 
signatories to the Kyoto Protocol (UNFCC, 1998).  Under the conditions stipulated 
within the Protocol, participating countries are required to reduce their carbon 
emissions, and are able in part to do so by offsetting their emissions through 
afforestation.  Many high country grasslands can be classed as marginal, having low 
productivity values and soils susceptible to erosion (Davis et al., 2009, Kirschbaum et 
al., 2009, Millenium Ecosystem Assessment, 2005).  Afforestation of these 
grasslands, which cover hundreds of thousands of hectares, would contribute 
significantly to New Zealand achieving its emissions reduction commitments 
(Carswell et al., 2008, Kirschbaum et al., 2009).  Although New Zealand’s indigenous 
forest species have slower growth rates than some exotic conifer species, and 
therefore lower initial rates of carbon sequestration, if left unharvested they do have 
the potential to develop greater long term carbon stocks than conventionally managed 
exotic production forests (Carswell et al., 2008, Chazdon, 2008).  In light of this, and 
given the marginal nature of the soils, indigenous afforestation may be a preferred 
option in the high country.  If so, the prospect of increased carbon sequestration may 
act as a driver for Podocarpus cunninghamii restoration.   
 
1.3.2 Why we need active restoration of Podocarpus cunninghamii 
forest 
As already stated, large tracts of the high country have recently been placed within 
New Zealand’s public conservation estate.  This change of land tenure marks the 
beginning of the conservation process by permitting the removal of some of the 
factors attributable to maintaining the predominantly grassy nature of the high country 
below tree line.  However, change of land tenure per se is not the same as changing 
management and achieving conservation goals (Norton, 2006).  While transfer of land 
tenure to the public conservation estate allows the removal of degrading factors such 
as domestic livestock grazing, fire management and regular fertiliser application, it 
does not address fundamental changes that these degrading factors have over time 
effected (Cramer et al., 2008, Standish et al., 2009), and therefore, by itself does not 
guarantee the return of the desired indigenous flora (Walker, 2000).  For example, the 
removal of grazing by domestic livestock or the cessation of fertiliser application will 
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not result in the automatic reversion of the high country back to Podocarpus 
cunninghamii dominated communities (Norton, 2006).    
 
The reason such reversion will not occur is due to a combination of threshold 
dynamics and the impact of invasive species (Hobbs and Norton, 2004, Standish et 
al., 2009, Norton, 2009).  For example, the high country will not automatically revert 
to Podocarpus cunninghamii forest because of the sheer lack of seed sources (Norton, 
2006, Standish et al., 2009); a biotic threshold.  In addition, the destruction and loss of 
Podocarpus cunninghamii forest has reduced the amount of habitat available for 
Podocarpus cunninghamii seed dispersers, such as bellbird (Anthornis melanura); this 
acts as a positive feedback further hindering the reversion of the landscape back to its 
original vegetation (Suding and Hobbs, 2009b).  Furthermore, the total number of 
indigenous species that are available to recolonise the high country does not include 
those that were filtered from the original, pre-human species pool by the effects of 
fire, grazing and competition with invasive species (Hobbs and Norton, 2004, 
Standish et al., 2009).  It is also worth remembering that the removal of domestic 
livestock grazing does not equate to the cessation of herbivory, due to the large 
numbers of lagomorphs and feral ungulates present in the high country that exist 
independently of pastoral farming (Standish et al., 2009).  It is also possible that these 
independent herbivores could even increase in abundance in the absence of domestic 
livestock in response to the removal of resource competition. 
 
Movement of high country systems across abiotic thresholds is also likely to have 
occurred, especially in the dryland zone where agriculture was environmentally 
limited due to low annual rainfall and low temperatures (Cramer et al., 2008).  Long 
lasting legacy effects of agriculture, such as changes in soil hydrology and fertility, 
can require substantial human efforts to overcome before indigenous species can re-
establish (Cramer et al., 2008, Standish et al., 2009).  For example, efforts that 
improve native woody species establishment in exposed high country grasslands have 
included the creation of sheltered microsites (Paul and Ledgard, 2008).  Therefore, 
unless both these biotic and abiotic threshold changes are addressed, the removal of 
degrading factors alone will not result in natural recolonisation of Podocarpus 
cunninghamii forest.  A further reason why automatic reversion to the pre-human state 
will not occur is the presence and effect of exotic invasive species.  Introduced flora 
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such as Agrostis capillaris, Hieracium spp. and exotic conifers are now nearly 
ubiquitous throughout the high country and can compete effectively for soil nutrients 
and water (Espie, 2001, Ledgard, 2001, Walker et al., 2009).  It will be impossible to 
eradicate these species with current technology and it is likely that any Podocarpus 
cunninghamii forest that develops, whether naturally or through active restoration, 
will contain elements of these exotic species (Norton, 2009, Standish et al., 2009).  
This will result in the establishment of stable novel ecosystems, with varying mixes of 
indigenous and exotic species (Suding and Hobbs, 2009a, Walker et al., 2009).   
 
In light of the need for active efforts to overcome restoration thresholds, in addition to 
the removal of degrading factors, it is vital that both the basic ecology of Podocarpus 
cunninghamii in the high country as well as the thresholds that hinder attempts at 
restoration are better understood (Suding and Hobbs, 2009b).  It will be impossible to 
restore the landscape to the pre-human flora for several reasons, including the fact that 
it is unknown what the original flora actually consisted of and the pervasive impact of 
invasive species (Norton, 2009).  However, understanding what species currently 
form associations with Podocarpus cunninghamii and how their abundance changes 
along environmental gradients forms a baseline for current community status, i.e. 
provides a measure of how ‘intact’ the different communities are, and what the 
prevalence is of exotic species.  From this, sites with similar environmental conditions 
and species composition can be grouped, allowing community composition and 
structure to be predicted for particular site types.  Understanding Podocarpus 
cunninghamii population dynamics will also be important for determining tree 
establishment and regeneration pathways (Norton, 1983, Veblen and Stewart, 1982), 
and hence to understand likely long term trajectories of both restoration plantings and 
remnant areas.   
 
The requirements for successful restoration also demand investigation.  A previous 
trial investigating Podocarpus cunninghamii early establishment success in the high 
country, in the Mackenzie Basin, have recorded survival rates as low as 29% after 
four years (Ledgard, 2004) and 100% mortality after six years (N. Ledgard, pers. 
comm.).  Given the cost of individual Podocarpus cunninghamii seedlings 
(approximately $5), this level of survival has to be improved.  Two avenues, founded 
upon the concept of threshold dynamics, are of particular relevance: mycorrhizal 
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fungi and nurse plants.  For completeness, an overview of both follows, but the thesis 
goes on to focus specifically on arbuscular mycorrhizal fungi, with only occasional 
reference to nurse plants. 
 
1.3.2.1 Arbuscular mycorrhizal fungi 
Arbuscular mycorrhizal fungi (AMF) (phylum Glomeromycota (Schüβler et al., 
2001)) are a distinct group of soil fungi that colonise the roots of approximately two-
thirds of all terrestrial vascular plants (Smith and Read, 2008).  They play a major role 
in plant acquisition of nutrients, particularly phosphorous (Baylis, 1972); they 
improve both plant-soil water relations (Augé, 2001) and soil aggregation (Rillig and 
Mummey, 2006); and can provide plants with protection from soil pathogens 
(Whipps, 2004).  As a result they can alter the competitive relationship between plants 
(Scheublin et al., 2007) and have been found to be a major determinant of plant 
community diversity (van der Heijden et al., 1998b).  Their potential importance 
within ecological restoration is therefore gaining increasing attention (Renker et al., 
2004).  The vast majority of New Zealand’s indigenous flora forms symbiotic 
associations with AMF, and Podocarpus cunninghamii is no exception (Baylis, 1969, 
Johnson, 1977).   
 
Arbuscular mycorrhizal fungi are known to have low host specificity in terms of being 
able to colonise a wide variety of host species, but high specificity in terms of the 
effect they have on the host (van der Heijden et al., 1998b).  Importantly, the AMF-
plant symbiosis lies on a continuum from mutualism to parasitism (Johnson et al., 
1997).  It has been demonstrated that AMF diversity within agricultural systems is, in 
general, low compared to woodland systems, and that AMF genera most abundant in 
woodland systems are all but absent in agricultural systems (Helgason et al., 1998, 
Daniell et al., 2001).  In light of this, the ex-agricultural high country grasslands now 
set aside for conservation may harbour AMF communities very different to those that 
occur within indigenous forest.  While the AMF community present within ex-
agricultural fields will almost certainly be able to colonise Podocarpus cunninghamii, 
there is no guarantee it will provide any host benefit, or even that it will not be 
parasitic.  Lack of suitable mycorrhizal inoculum has been highlighted as a potential 
constraint to the successful establishment of native forest in abandoned agricultural 
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fields (Holl et al., 2000, Standish et al., 2009), and may therefore represent a biotic 
restoration threshold.   
 
Arbuscular mycorrhizal fungi are also increasingly available for purchase within 
commercial products and are used within plant nurseries.  These are typically based 
on easy-to-culture AMF species from a particular location within a single country.  
When sold on a non-local scale, e.g. internationally, these products form novel 
mycorrhizal associations with the indigenous flora being propagated (Mummey et al., 
2009, Schwartz et al., 2006).  The use of exotic AMF does not always result in 
increased growth of native plants (Caravaca et al., 2003, Requena et al., 2001, Richter 
and Stutz, 2002), and as such there is increasing interest in the application of 
indigenous AMF for ecological restoration, both within New Zealand (Williams, 
2009) and internationally (Corkidi et al., 2008).  Furthermore, exotic AMF can have 
negative consequences for realising the diversity of AMF found within natural plant 
communities (Mummey et al., 2009), and increases the possibility of introducing 
invasive species (Schwartz et al., 2006).  These are important considerations for 
ecological restoration. 
 
1.3.2.2 Nurse plants 
The facilitative effects of cover or nurse plants for tree establishment within dry 
grassland environments has been demonstrated numerous times (e.g. Gómez-Aparicio 
et al., 2004, Li and Wilson, 1998, Rousset and Lepart, 1999).  The reason for this 
facilitative effect tends to centre on the nurse plant providing favourable microsite 
conditions for improved seed germination and/or improved seedling survival and 
establishment.  These improved conditions can take the form of increased soil 
moisture and nutrient availability, frost protection, shade from intense solar 
irradiation, and protection from the trampling effects of large grazing animals (Padilla 
and Pugnaire, 2006).   
 
Within the high country dryland zone, shading or shelter has been found to have a 
positive effect on soil moisture values and in improving the establishment of native 
woody species (Paul and Ledgard, 2008, Payne and Norton, 2010).  However, any 
facilitative effect may be dependent on the form of cover, as Podocarpus 
cunninghamii seedling mortality within a high country restoration trial were greatest 
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within a stand of exotic conifers used as nurse plants compared with those grown in 
open grassland (Ledgard, 2004).  Nurse plants may also enhance restoration by 
providing suitable habitat for seed dispersing birds to forage and perch within (Reay 
and Norton, 1999), provided that seed sources exist nearby.   
 
1.4 Aims and objectives 
The aims of this thesis are to gain a better understanding of the ecology of 
Podocarpus cunninghamii dominated communities in the eastern South Island high 
country, and to investigate factors potentially affecting the species’ restoration within 
this environment, with special attention to the role of AMF.  Together, these 
investigations should allow the development of a stronger ecological basis for 
Podocarpus cunninghamii restoration within the high country.  Specifically, the 
objectives are as follows: 
 
 Define the vegetation communities that Podocarpus cunninghamii forms 
throughout the high country, identifying key associations and how community 
composition and structure varies along environmental gradients. 
 Investigate Podocarpus cunninghamii population dynamics in the high 
country, by examining the age and size structure of several stands along the 
rainfall gradient. 
 Investigate the mycorrhizal associations of Podocarpus cunninghamii and 
adjacent grasslands using molecular methods. 
 Determine Podocarpus cunninghamii early growth responses to colonisation 
by ex-agricultural versus forest AMF communities, and how this is affected by 
competition with exotic grass. 
 Determine Podocarpus cunninghamii early growth responses to colonisation 
by an indigenous versus exotic, commercially available AMF, and how this is 
affected by competition with exotic grass. 
 Identify current native plant nursery practice with regard to the use of 
mycorrhizal fungi. 
 Present a first estimate of the carbon stocks associated with existing and 
potential future high country stands of Podocarpus cunninghamii. 
 Provide practical recommendations for Podocarpus cunninghamii restoration 
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1.4.1 Thesis outline 
The next chapter introduces Podocarpus cunninghamii more thoroughly, outlining the 
vegetation history of the high country in further detail and describing where 
Podocarpus cunninghamii forest remnants still exist.  Chapter 3 investigates the 
vegetation communities associated with Podocarpus cunninghamii together with 
Podocarpus cunninghamii population dynamics.  These chapters provide the baseline 
data of the ecology of Podocarpus cunninghamii in the high country.  Chapters 4-9 
focus on restoration thresholds and mycorrhizal associations.  Chapter 4 provides a 
literature review of AMF and their potential role in forest restoration on ex-
agricultural fields; Chapter 5 is a molecular investigation of the AMF communities 
present within Podocarpus cunninghamii forest and adjacent grasslands; Chapters 6-8 
investigate how Podocarpus cunninghamii responds to different AMF treatments 
within both glasshouse and field environments; Chapter 9 elucidates current native 
plant nursery practice with regard to the use of AMF.  The basis for Chapter 10 is also 
found in restoration, but rather in restoration incentives rather than thresholds, and 
investigates existing and potential future carbon stocks within high country stands of 
Podocarpus cunninghamii.  Chapter 11 attempts to synthesise the preceding chapters, 
draw conclusions from the research and highlight further avenues of potential 
investigation. 
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2 Podocarpus cunninghamii in the eastern South 
Island high country1 
 
2.1 Introduction 
Before human arrival in the South Island, the high country below tree line and above 
the valley bottoms was covered in two forest types: Nothofagus forest and podocarp-
broadleaf forest (McGlone, 1989, McGlone, 2004).  Nothofagus forest dominated the 
high precipitation mountain slopes along the majority of the axial ranges, from north 
of the Rakaia catchment up to the Kaikoura Ranges, and south from the head of Lake 
Pukaki all the way to Fiordland (Figure 1.2).  The area between the Rakaia catchment 
and the head of Lake Pukaki is known as the “Southern Alps beech ‘gap’” (Hall and 
McGlone, 2006).  Here Nothofagus was largely absent, and podocarp-broadleaf 
forests dominated.  Podocarp-broadleaf forest also dominated in the areas further to 
the southeast, in the dryland areas of the Mackenzie Country and Central Otago 
(McGlone, 1989, McGlone, 2004).  Similarly, podocarp-broadleaf forest dominated 
much of the central portion of Kaikoura Ranges, where Nothofagus was absent 
(McGlone and Basher, 1995).  Podocarpus cunninghamii was a major component of 
these podocarp-broadleaf forests, and was the dominant podocarp species (McGlone, 
1989, McGlone, 2004, Molloy et al., 1963).  It is these Podocarpus cunninghamii 
dominated communities, that existed in the areas where Nothofagus has historically 
been absent, that are the focus of this chapter. 
 
As a consequence of early Polynesian and later European fires, together with the 
introduction of grazing animals associated with European agricultural expansion, the 
cover of these forests has been greatly diminished, with the greatest loss occurring in 
the dry eastern ranges (Ewers et al., 2006).  Because the greatest loss occurred in the 
drylands, the cover of Podocarpus cunninghamii forest has been massively reduced, 
while extensive stands of Nothofagus remain (see Chapter 1).  The current distribution 
of Podocarpus cunninghamii remnants is both very limited and highly fragmented 
(Walker et al., 2003).  The current distribution is also uneven, with remnant stands 
                                                 
1 This chapter has been submitted to the Journal of the Canterbury Botanical Society: 
Williams, A.  Podocarpus cunninghamii in the eastern South Island high country. 
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being more intact or greater in extent within the wetter parts of high country, and 
more degraded or covering a smaller area in the drier parts.  However, despite the 
extent of loss of this historically common vegetation type, together with its highly 
fragmented current distribution, information on its ecology is scanty.  Furthermore, 
information pertaining to the current distribution of Podocarpus cunninghamii 
communities is distributed across numerous publications, many of which belong to 
the grey literature.  As such, information relating to the ecology and distribution of 
Podocarpus cunninghamii within the high country is limited and often difficult to 
find.   
 
This chapter provides an overview of the vegetation history of the eastern South 
Island high country, as it relates to Podocarpus cunninghamii dominated vegetation 
communities.  Following this, the chapter summarises the numerous records of 
Podocarpus cunninghamii in the high country, and identifies and describes the 
remnant patches of Podocarpus cunninghamii communities that remain. 
 
2.2 Vegetation history of the eastern South Island high 
country 
2.2.1 Pre-human cover 
The contemporary landscape of much of the Nothofagus-free high country, especially 
the drier parts, notably the Inland Kaikoura Range, South Canterbury and Central 
Otago, are characterised by tussock grasslands.  Fragments of Podocarpus 
cunninghamii dominated communities occur very sporadically and in isolation.  This 
situation is very different to that in pre-human times, as evidenced by plentiful 
“totara” log remains and palynological records that indicate a formerly woody 
landscape.  Log remains have been well documented across inland Marlborough, 
Canterbury and Central Otago for over 100 years (Buchanan, 1868, Cockayne, 1928, 
Munro, 1868, Speight, 1910, Wells, 1972).  In addition to the fallen logs, less 
conspicuous evidence of historical forest cover has also been discovered in the form 
of charcoal deposits.  Carbon dating of these log and charcoal remains indicates that 
between c. 12,000 – 10,500 years BP (McGlone, 2004) and the arrival of humans (c. 
800 years BP (Higham et al., 1999, McGlone and Wilmshurst, 1999)), Podocarpus 
cunninghamii was a dominant tree throughout the high country, especially between 
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Lakes Wanaka and Wakatipu, throughout the Mackenzie Country, and stretching 
northwards into the headwaters of the Rangitata and Rakaia Rivers, where plentiful 
remains have been found (Molloy et al., 1963).  Charcoal deposits become rarer north 
of Porters Pass but reappear along the Awatere River, on the western faces of the 
Inland Kaikoura Range (McGlone and Basher, 1995, Molloy et al., 1963).   
 
However, the heartwood of species such as Podocarpus cunninghamii and the 
associated conifer Phyllocladus alpinus is very strong and durable, and as such 
charcoal deposits and fallen log remains offer only a very selective view of the high 
country’s historical forests; they could be taken to imply a near monoculture forest of 
Podocarpus cunninghamii and Phyllocladus alpinus covered the mountainsides of the 
high country outside the range of Nothofagus (Wardle, 2001b).  The wood of other 
species that may well have co-occurred with these conifers (e.g. Cordyline, Hoheria 
and Sophora) do not preserve well and are thus underrepresented in such 
reconstructions.  Palynology, the study of spores and pollen, though also selective, 
offers a more complete view of historical vegetation patterns (Pocknall, 1982).  In 
addition, the palynological records studied have allowed insight further back in time 
than charcoal and log remains, providing a more complete view of vegetation history 
since the end of the last glacial maximum. 
 
Investigations of pollen deposits have found that immediately following the end of the 
last glaciation (c. 15-12,000 year BP), when temperatures were warming following 
the glacial maximum, the vegetation of the high country was largely gramineous, with 
Poaceae pollen dominant among the palynological records (Burrows and Russell, 
1990, McGlone et al., 2004, Moar, 1971, Moar, 1980; Figure 2.1).  Over the next few 
thousand years (13-10,000 years BP) the climate continued to warm and these 
grasslands were invaded and largely replaced by Coprosma shrublands with 
Phyllocladus (Burrows and Russell, 1990, Burrows et al., 1993, McGlone et al., 1995, 
McGlone et al., 2004, Moar, 1971; Figure 2.1).  Eventually, between 10-8,000 years 
BP, these shrublands were themselves replaced by podocarp dominated forest below 
tree line from the Inland Kaikoura Range down to the Mackenzie Basin (Burrows et 
al., 1993, Burrows and Russell, 1990, McGlone and Moar, 1998, McGlone et al., 
1993, McGlone et al., 2004, McLea, 1996, Moar, 1971; Figure 2.1); this vegetation 
transition took place later in Central Otago, circa 7,500 years BP (McGlone et al., 
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1997; Figure 2.2).  At this time the tussock grasslands that now dominate much of the 
high country landscape were largely restricted to alpine areas; below this their 
populations would have been localised around pockets of particularly infertile soils  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 – Pollen diagram from Kettlehole Bog, Cass, Canterbury.  The succession 
from Poaceae to Nothofagus (Fuscospora) via shrubland and podocarps is clear.  
Years before present are shown on the right (modified from McGlone et al., 2004). 
 
and bogs, valley bottoms, and recently disturbed sites (McGlone, 1989, McGlone, 
2001).  Small-leaved shrub communities too, for the most part, were confined to the 
valley bottoms and river terraces, and at the higher reaches of the sub-alpine zone 
(McGlone, 1989).  Instead, in the wetter regions, such as in the headwaters of the 
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Rakaia and Rangitata Rivers, the heads of the lakes from Tekapo to Wakatipu, and the 
Seaward Kaikoura Range, Podocarpus cunninghamii formed a tall forest community 
with Libocedrus bidwillii (>2,500 mm annual rainfall), Phyllocladus alpinus, 
Griselinia littoralis, Hoheria lyallii and other angiosperm tree and shrub species 
(McKelvey, 1984, Veblen and Stewart, 1982).  As the climate became increasingly 
arid, along the rainfall gradient, Podocarpus cunninghamii remained present, but in a 
low forest form, projecting above a canopy of increasingly scrub-form Phyllocladus 
alpinus and Griselinia littoralis.  Libocedrus bidwillii became absent while Sophora 
microphylla and Pittosporum tenuifolium became more common.  Halocarpus 
bidwillii would have formed a unique scrub community on the most extreme sites 
(McGlone, 1989, McGlone, 2004).   
 
In the mid-Holocene, at approximately 7-6,000 years BP, the climate began to cool, 
with increasing incidence of more extreme weather events (droughts and snowfalls), 
strong winds and evidence for an increase in fire frequency.  This change favoured 
Nothofagus, which had been present throughout the period of podocarp dominance 
but with a very limited distribution.  All along the axial ranges of the South Island, 
excluding the central portion of the island, Nothofagus came to dominate and replaced 
the podocarp forests (McGlone, 2004, McGlone et al., 1995, McGlone and Moar, 
1998, McGlone et al., 2004; Figure 2.1).  This expansion again took place later in 
Central Otago, at around 7-3,000 years BP (McGlone et al., 1997).  Charcoal deposits 
also provide evidence of the invasion of wetter areas formerly dominated by 
Podocarpus cunninghamii by Nothofagus following burning events, such as the heads 
of Lakes Ohau and Hawea (Molloy et al., 1963).   
 
Nothofagus replaced podocarp forest in much of the high country; however 
Podocarpus cunninghamii communities remained the dominant vegetation type in the 
central portion of the South Island (e.g. the Rakaia catchment (Wardle, 1964)), along 
the drier mountains stretching east from the Main Divide (McGlone, 1989, McGlone, 
2004; Figure 2.2) and in the central parts of the Inland Kaikoura Range (McGlone and 
Basher, 1995; Figure 1.2).  The reason for the beech gap, where Nothofagus has not 
replaced Podocarpus cunninghamii forest in the central South Island, has not been 
fully resolved.  Initially it was thought that during the last glacial maximum, 
Nothofagus found northern and southern refugia outside of this region (Wardle, 
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1963), and that as the climate gradually changed in its favour, Nothofagus has spread 
but only slowly, and has yet to realise the full extent of its potential geographic range 
(Wardle, 1964).  Models of historical forest cover based on climatic tolerances of 
species are in agreement with this hypothesis, predicting Nothofagus forest across 
much of the beech gap (Hall and McGlone, 2006, Leathwick, 1998).  Scarcity of 
suitable ectomycorrhizal symbionts has also been proposed as a potential reason for 
the slow spread of Nothofagus into the predominantly arbuscular mycorrhizal 
podocarp forests (Baylis, 1980).  However, Hall and McGlone (2006) suggest that 
observations of scattered Nothofagus stands bordering the beech gap (Wardle, 1984) 
indicate that Nothofagus was not completely excluded during the last glaciation.  Hall 
and McGlone (2006) also state that there is “little current physiological or 
distributional information for forest species relevant to this area, which is the driest, 
most drought-prone, and most seasonal in New Zealand”.  As such, they may not have 
been able to provide their model with the necessary information to accurately predict 
the species composition of historical forest cover in this area.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 – Pollen diagram from Central Otago.  The initial shrubland expansion 
was eventually succeeded by podocarp forest (from McGlone and Moar, 1998). 
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Despite the limitations of the models by Leathwick (1998) and Hall and McGlone 
(2006), other modelled predictions of historical forest cover have produced results 
similar to that suggested by log, charcoal and palynological data.  In the model 
produced by Leathwick (2001), Nothofagus forest is predicted to have covered the 
high precipitation axial ranges except for the central part of the South Island, where 
conifer forests containing Podocarpus cunninghamii dominated.  In the driest parts of 
the high country, in Central Otago, Mackenzie Country and the Inland Kaikoura 
Range, Podocarpus cunninghamii forest is predicted to have been the dominant cover, 
as indicated in Figure 2.3.  Interestingly, Podocarpus cunninghamii and Griselinia 
littoralis were also found to have optima on sites with minimal soil water deficit and 
reached greatest abundance on steep to very steep, moderate to well-drained sites.  
This finding is somewhat at odds with their known localised abundance on very dry 
sites today. 
 
The method employed by Leathwick (2001) is highly informative, especially when 
associated with extensive and relatively intact tracts of vegetation.  In terms of canopy 
species composition, this approach shows close similarity to vegetation records 
published by McKelvey (1984) and Wardle (2001a) within high precipitation areas at 
the heads of the Wilberforce and Makarora rivers, respectively.  However, there are 
limitations in the use of this method and it is inherently risky to use these models 
alone to extrapolate from relictual vegetation patches.  This is because these relicts 
often exist within steep or sheltered sites that are not necessarily representative of the 
wider landscape, and, in addition, such remnant populations are typically small and 
isolated, thus they suffer from edge effects and can be highly modified (Walker et al., 
2004a).   
 
In order to make more accurate predictions of historical woody species distributions 
prior to human arrival, within Central Otago, Walker et al. (2004a) utilised existing 
species distributions in conjunction with sub-fossil evidence (pollen spectra, log and 
charcoal remains) and the presence of plant life-forms within sites of environmental 
stress.  Their analysis split Central Otago into 12 pre-settlement vegetation zones 
based upon environmental variables.  According to the models, Podocarpus 
cunninghamii was expected to have dominated the more arid mid-elevation slopes 
between approximately 500-800 m above sea level (zones IV and V).  Nothofagus 
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spp., Sophora microphylla, Leptospermum scoparium, Kunzea ericoides, Griselinia 
littoralis and Phyllocladus alpinus would also have been important components with 
Podocarpus cunninghamii depending on local site conditions.  Podocarpus 
cunninghamii would have been replaced by Nothofagus on moister sites and by 
Sophora microphylla, Leptospermum scoparium and Kunzea ericoides on the lower 
slopes and valley bottoms.  It is likely that some of these predictions could be 
extrapolated to the Mackenzie Basin, given its similarity in dryness to Central Otago, 
although Nothofagus was largely absent.   
 
Overall, these models and records provide a picture of the changing flora of the high 
country prior to human arrival, from the end of the last glacial maximum to 
approximately 1,000 years BP.  This picture shows that at the arrival of Polynesians, 
the majority of the high country below tree line and above the valley bottoms was 
forested.  Nothofagus forest covered the axial ranges, excluding the central part of the 
South Island where Podocarpus cunninghamii forest flourished.  Further east from the 
Main Divide in the drylands of Central Otago, the Mackenzie Country and the Inland 
Kaikoura Range, Podocarpus cunninghamii communities continued to be the 
predominant vegetation type.   
 
2.2.2 Human impacts on the vegetation 
The arrival of humans to New Zealand brought massive changes to the country’s 
vegetation.  It is now well established that early Polynesian fires wrought large-scale 
destruction of forest areas, particularly within dry, fire-prone sites (McGlone, 1989, 
McGlone, 2004).  These changes were soon followed by the arrival of European 
pastoralists, who cleared many the woody communities that remained in order to 
establish sheep runs.   
 
In pre-human times, fires in New Zealand were rare events.  Lightning strikes, which 
are the only likely source of natural fires in the South Island, are rare in New Zealand 
compared with other countries (McGlone, 2001).  Lightning strikes that do occur are 
most commonly restricted to the west coast, which may receive at most 20 electric 
storms each year (Ogden et al., 1998).  In addition, the return time of fire to the same 
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site has been measured at between 1,500 and 2,000 years, in pre-human times (Ogden 
et al., 1998); meaning naturally burnt sites would have returned to forest before being 
re-burnt and would also have developed very large fuel loads.  As a result of this fire 
rarity, the flora has not evolved adaptations to fire, and with few exceptions all of 
New Zealand’s tree species are killed by fire (Ogden et al., 1998, Wardle, 1991).  
Radiocarbon dating of available charcoal remains has found a massive increase in 
South Island fires beginning circa 800 years BP (McGlone and Wilmshurst, 1999, 
Ogden et al., 1998, Rogers et al., 2007).  This analysis puts the sudden change of fire 
regime within the period of Polynesian settlement (McGlone and Wilmshurst, 1999, 
Ogden et al., 1998).  Furthermore, the increase in charcoal remains coincides with 
abrupt changes in palynological deposits.  Sub-fossil evidence recovered from sites 
throughout the high country, from the Inland Kaikoura Range to Central Otago, shows 
a dramatic increase in Poaceae pollen and Pteridium esculentum spores between 700 
and 500 years BP (c. 1300-1500 AD; Figure 2.4).  These increases are concurrent with 
a marked decline in podocarp pollen (McGlone, 2001, Burrows et al., 1993, McGlone 
et al., 1997, McGlone and Basher, 1995, McGlone et al., 1995, McGlone and Moar, 
1998, Rogers et al., 2007).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 - Pollen diagram from Winterton Bog, Inland Kaikoura Range, 
Marlborough.  Years before present are shown on the left (modified from McGlone 
and Basher, 1995). 
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It has been suggested that these conflagrations, the “Fires of Tamatea”, were the result 
of deliberate and repeated land clearances by Maori, most likely to improve ease of 
travel and to favour the regeneration of starch-rich species, e.g. Pteridium esculentum 
(McGlone, 2004).  A combination of the flammability of the vegetation and the 
accumulated fuel load, particularly within the dry eastern ranges, and the effect of the 
hot, dry föhn winds prevailing from the northwest, allowed the fires to spread rapidly, 
thus deforesting large areas of land.  Repeated fires to maintain cleared areas would 
have exacerbated the loss of woody vegetation and allowed the grasslands, which 
responded rapidly to fire, to expand out of their pre-human habitats and become the 
dominant flora (McGlone, 2001, Rogers et al., 2007).   
 
This loss of forest, early in the history of human settlement in New Zealand, explains 
the descriptions of extensive tussock grasslands provided by early European explorers 
to the hinterland.  The fragments of woody vegetation that remained were soon further 
diminished or destroyed on arrival of the European settlers in the late nineteenth 
century; woody vegetation was cleared to make way for sheep runs, or used as 
building material, for fencing or as firewood (Buchanan, 1868, Munro, 1868, Speight, 
1910).   
 
2.3 Current distribution and associations of Podocarpus 
cunninghamii 
Podocarpus cunninghamii shows wide variation in its distribution and abundance 
across the high country.  In wet, steep locations it can form extensive stands that must 
be reminiscent of its abundance prior to human settlement, while on dry, shallow 
slopes it occurs in small, isolated populations or even as individual trees.  The 
following descriptions of the distribution of plant communities characterised by the 
presence of Podocarpus cunninghamii, which has been drawn from numerous 
publications and the knowledge of various individuals, will begin in the north, in the 
Kaikoura Ranges, before moving southwards through Canterbury and ending in 
Central Otago.  These descriptions are not intended as a final and authoritative 
account of the distribution of every stand across the high country; rather, they 
document all of the stands that I have been able to find information on.  I feel 
confident that the majority of stands are included here, but it is unavoidable that some  
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Figure 2.5 – The distribution of Podocarpus cunninghamii communities throughout 
the high country. 
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stands have inadvertently been missed.  Eastern Nothofagus forests, especially those 
comprised of Nothofagus solandri, in which Podocarpus cunninghamii can occur, are 
not included in these descriptions.  The descriptions are categorised firstly according 
to broad geographical location, and secondly more precisely, to Ecological Region 
(McEwan, 1978); the overall distribution is shown in Figure 2.5.   
 
2.3.1 The Kaikoura Ranges 
The Kaikoura Ranges are distinct from all other parts of the high country in that their 
rainfall gradient runs from east to west, rather than west to east.  Greywacke is the 
predominant rock type (LRI, 1992).   
 
2.3.1.1 Lowry Ecological Region 
Within the steep, high precipitation (900-1,200 mm per annum) Seaward Kaikoura 
Range, Podocarpus cunninghamii forms extensive stands of tall forest, cloaking the 
mid-range mountain faces between 450-1,000 m altitude (Plate 2.1).  Nothofagus 
becomes more important at the northern and southern ends of the range.  Wardle 
(1971) surveyed the vegetation of the Seaward Kaikoura Range, and a summary of his 
descriptions of the Podocarpus cunninghamii vegetation association is provided here.  
Podocarpus cunninghamii is the dominant canopy tree, averaging 15 m in height, 
with Griselinia littoralis, Pseudopanax crassifolius and Coprosma linariifolia often 
forming a sub-canopy.   
 
The shrub layer is sparse, with only Coprosma dumosa considered important.  The 
ground layer is also often sparse, with occasional small herbs, such as the exotic 
Mycelis muralis, or wide-leaved species of Uncinia present; otherwise Polystichum 
vestitum can form dense patches.  Rubus cissoides is the only common liana.  Several 
species of ungulate, including red deer, are present in high numbers, and are predicted 
to reduce the presence of Griselinia littoralis, Coprosma linariifolia, Coprosma 
dumosa and Polystichum vestitum in the long-term.  Possum use of these forests is 
also high, though Wardle does not discuss their potential impact on forest structure.   
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Plate 2.1 – Extensive stands of Podocarpus cunninghamii forest in the upper Hapuku 
River catchment, Seaward Kaikoura Range. 
 
2.3.1.2. Clarence Ecological Region 
The Inland Kaikoura Range differs markedly to the Seaward Range in terms of 
precipitation, receiving just 700 mm in its driest reaches (Pascoe, 1983, Williams, 
1989).  Podocarpus cunninghamii has a very fragmented distribution in the Inland 
Kaikoura Range, being restricted to remote and steep valleys.  Charcoal deposits, 
pollen records, and evidence of recolonisation are all indicative of a historical cover 
far more extensive than that of today (McGlone and Basher, 1995, Williams, 1989). 
 
Two forms of Podocarpus cunninghamii vegetation association were recorded by 
Williams (1989) in the Inland Kaikoura Range: Podocarpus cunninghamii forest and 
woodland, and Podocarpus cunninghamii scrub.  Both associations occur mainly on 
very steep to precipitous slopes up to 1,250 m altitude.  The forest and woodland 
association is most extensive in the southeast catchments of the Range, most notably 
at Muzzle and Branch Streams, while smaller, more fragmented remnants exist in the 
northwest catchments, particularly in Totara Stream, and the Hodder and Tone 
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Valleys (Plate 2.2).  Podocarpus cunninghamii forms the canopy, reaching 12 m in 
height, with Griselinia littoralis, Phyllocladus alpinus and Hoheria lyallii forming the 
sub-canopy.  The shrub layer, like that of the Seaward Kaikoura Range, is sparse, with 
Coprosma linariifolia, Coprosma propinqua, Myrsine divaricata, and Phyllocladus 
alpinus most common.  The herb layer is scattered with Polystichum vestitum, Mycelis 
muralis, and fine-leaved species of Uncinia.  The scrub association constitutes a range 
of shrub communities that all share the presence of emergent Podocarpus 
cunninghamii.  Discaria toumatou, Rosa rubiginosa, Hoheria lyallii and Brachyglottis 
monroi are the most common sub-components.  These remnant populations are often 
located high above the valley floors, in the mouths of hanging valleys.  On very steep 
south facing slopes and bluffs between 1,000-1,400 m, Phyllocladus alpinus becomes 
the main sub-component with Hoheria lyallii and Podocarpus nivalis.   
 
 
Plate 2.2 – Remnant stand of Podocarpus cunninghamii in the Tone River catchment 
(Muller Station), Inland Kaikoura Range.   
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2.3.2 Central Canterbury high country 
This part of Central Canterbury, largely defined by the Heron Ecological Region but 
including the D’Archiac and Tasman Ecological Regions, is host to several 
populations of Podocarpus cunninghamii.  These regions are all found south of the 
Hawdon and Puketeraki Ecological Regions, both of which are dominated by 
Nothofagus forest.  Although Podocarpus cunninghamii can be often found growing 
in these Nothofagus forests, which inhabit the Waiau, Hurunui and Waimakariri 
catchments, they form a relatively minor component of the flora.  Conversely, 
Podocarpus cunninghamii communities that lack Nothofagus are either rare or absent 
from these catchments.  The majority of Podocarpus cunninghamii populations exist 
within the beech gap; that is the high precipitation upper catchments of the Rakaia and 
Rangitata Rivers, as well as in Mt Cook National Park.  Some isolated remnants are 
also present outside of these areas.  The underlying rock for the majority of this region 
is greywacke, with alluvial rock types common in valley bottoms and basins (LRI, 
1992). 
 
 
Plate 2.3 – Extensive stand of Podocarpus cunninghamii forest in the upper Lawrence 
Valley.   
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2.3.2.1 D’Archiac, Heron and Tasman Ecological Regions 
Within the climatic diversity of these three regions, annual rainfall is highest in the 
west, where it can be near 7,000 mm per annum close to the Main Divide, and range 
from c. 2,500-5,500 mm along the Mt Cook Range (Wilson, 1976).  Away from the 
Main Divide, such as along the flanks of Lake Tekapo, precipitation declines to 800-
1,000 mm per annum.   
 
In the Rakaia catchment, Podocarpus cunninghamii is recorded as being abundant 
above 600 m in the upper reaches of the Wilberforce River, where it forms a canopy 
over Phyllocladus alpinus, Griselinia littoralis, Pseudopanax crassifolius and 
Pittosporum tenuifolium.  Other common associates include Brachyglottis buchananii, 
Ozothamnus vauvilliersii and Anaphalioides bellidioides.  Rubus schmidelioides is the 
only liana of note, while Polystichum vestitum is the dominant fern along with several 
species of Blechnum (McKelvey, 1984).  Podocarpus cunninghamii is also recorded 
in association with Griselinia littoralis, Hoheria lyallii, Pseudopanax crassifolius and 
Sophora microphylla in Lake, Jellicoe and Washbourne Streams (Burrows and 
Russell, 1990).  Nearby in Paddle Hill Creek catchment, which feeds into the South 
Branch Ashburton River, remnant Podocarpus cunninghamii trees are found in 
association with Griselinia littoralis and Pittosporum tenuifolium (Burrows et al., 
1993).   
 
In the Rangitata catchment, Podocarpus cunninghamii is present in the upper reaches 
of the Lawrence River, forming a canopy over Phyllocladus alpinus, Griselinia 
littoralis, Podocarpus nivalis, as well as various Hebe and Coprosma species (Plate 
2.3).  Podocarpus cunninghamii is also recorded as forming a remnant forest/scrub 
association with Kunzea ericoides on the cone and talus systems north of Lake 
Clearwater, at the southern tip of the Dogs Range, opposite Mt Guy.  (Harrington et 
al., 1986).  Annual rainfall in the upper Lawrence is approximately 1,500 mm, which 
declines to 800-1,000 mm around Mt Guy (Ryan, 1987). 
 
Further south, Podocarpus cunninghamii is found along the Two Thumb Range.  In 
the headwaters of Lake Tekapo, in the streams along the true left of the Macaulay 
River, Podocarpus cunninghamii forms shrub communities with Aristotelia fruticosa 
and numerous Coprosma species.  At the southern extent of the same Range, 
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Podocarpus cunninghamii forms a significant forest stand with Pseudopanax 
crassifolius and Griselinia littoralis (Plate 2.4).  Just east of here, in the South Opuha 
River, several specimens of Podocarpus cunninghamii are recorded as being present 
amongst remnant stands of Pseudopanax crassifolius, Griselinia littoralis and 
Pittosporum tenuifolium (Harrington et al., 1986).  Annual rainfall is high in the 
northwest of the Range, reaching 2,000 mm per annum.  This declines rapidly further 
south, to 1,000 mm (Ryan, 1987).   
 
 
Plate 2.4 – Podocarpus cunninghamii forest at the southern end of the Two Thumb 
Range. 
 
Several stands of Podocarpus cunninghamii forest are present within Aoraki/Mt Cook 
National Park (MCNP), on the Liebig, Mt Cook and Sealy Ranges (Plate 2.5).  Here 
Podocarpus cunninghamii emerges above a canopy of predominantly Griselinia 
littoralis and Phyllocladus alpinus, with Pseudopanax colensoi var. ternatus, Hoheria 
lyallii and Dracophyllum longifolium also common (Wilson, 1976).  Outside of 
MCNP, to the southeast, within the Tasman Ecological Region, small remnant stands 
of Podocarpus cunninghamii occupy the faces of the Hall Range, below Mistake 
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Peak, overlooking the head of Lake Tekapo (D. Scott, pers. comm.), and in the upper 
reaches of the Cass River (D.A. Norton, pers. comm.).   
 
 
 
Plate 2.5 – A stand of Podocarpus cunninghamii forest on the Sealy Range, near Mt 
Cook Village. 
 
2.3.3 South Canterbury high country 
The south Canterbury high country is a dramatic and extremely varied landscape, 
covering the Mackenzie and Waitaki Ecological Regions.  Close to the Main Divide 
rainfall can reach 2,000 mm per annum, while further east, along the flanks of Lakes 
Pukaki and Ohau, precipitation declines to 800-1,000 mm per annum.  Further east 
again, at the southern tip of the Diadem Range, along the Ahuriri River, and along the 
Hawkdun Range, the climate becomes semi-arid, and annual rainfall can drop to 
below 600 mm.  Greywacke is the most common underlying rock type on the 
mountain faces, with alluvial deposits forming the basins.  The greywacke begins to 
intergrade with schist south of the Ahuriri River (LRI, 1992). 
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2.3.3.1 Mackenzie and Waitaki Ecological Regions 
An extensive stand of Podocarpus cunninghamii is present on the boulderfields of the 
southwest face of Mt Ben Ohau, overlooking Lake Ohau (Plate 2.6).  This particular 
stand is regarded as being the best example of a regenerating stand of Podocarpus 
cunninghamii in the Ben Ohau Ecological District (Espie et al., 1984), and may 
provide the most accurate picture of the dry Podocarpus cunninghamii forests that 
once covered the wider area (Molloy et al., 1976).  Three lonesome individuals are 
also recorded in Lockharts Stream, east of the Dalgety Range.   
 
 
Plate 2.6 – Podocarpus cunninghamii on the southwest face of Mt Ben Ohau. 
 
Several stands are present in the drier areas of the Mackenzie Region, particularly on 
the hill slopes in and around the Ahuriri Valley, at the southern end of the Diadem 
Range (Plate 2.7).  These form associations with Podocarpus nivalis and Phyllocladus 
alpinus, and occur mainly on boulderfields.  Podocarpus cunninghamii populations in 
association with various Coprosma species are also recorded on the boulderfields 
within Totara and Coal Creeks, on the Benmore Range (Espie et al., 1984).  A small 
stand of Podocarpus cunninghamii is also present further east, down the Waitaki 
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River system, perched high on a south facing ledge in a deep gorge of Clear Stream 
(D.A. Norton, pers. comm.); annual rainfall here is less than 600 mm. 
 
 
Plate 2.7 – Podocarpus cunninghamii remnant at the southern end of the Diadem 
Range (Birdwood Station). 
 
2.3.4 Central Otago 
The Central Otago region is home to New Zealand’s most continental climate, with 
annual rainfall levels dropping to as low as 400-500 mm in the driest places (De Lisle 
and Browne, 1968).  The region is also distinct from the areas further north as the 
rock underlying the mountain ranges is almost entirely schist rather than greywacke 
(LRI, 1992). 
 
2.3.4.1 Central Otago Ecological Region 
There are numerous small population of Podocarpus cunninghamii within the Central 
Otago Ecological Region, many comprised of just a handful of trees.  As Wardle 
(2001a) notes in his descriptions of the flora in the upper Clutha district, the drier 
mountains, down valley from the more extensive, predominantly Nothofagus forest 
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areas, exist scattered and small Podocarpus cunninghamii communities.  These 
typically include species such as Podocarpus nivalis, Phyllocladus alpinus, 
Dracophyllum longifolium, Olearia nummularifolia, Olearia cymbifolia, Brachglottis 
cassinioides and Hebe subalpina.   
 
 
Plate 2.8 – Remnant stand of Podocarpus cunninghamii mixed with Kunzea ericoides 
at Alfern Creek Conservation Area. 
 
Podocarpus cunninghamii communities are present on the east side of the Lindis Pass 
Road, at the base of McLays Creek and on the steep, south facing slopes of Dip 
Creek, where it associates with Olearia odorata, Coprosma propinqua and Discaria 
toumatou.  In the gorge area of Hospital Creek, near Lake Hawea, scattered 
Podocarpus cunninghamii trees form communities with Olearia avicenniaefolia, 
Coprosma propinqua and Helichrysum aggregatum.  Two remnant populations also 
occur further south, at Alfern Creek and the Lochar Burn, on the Pisa Range (Plate 
2.8).  These sites are rich with Kunzea ericoides, which shelter smaller numbers of 
Podocarpus cunninghamii, Podocarpus nivalis, Phyllocladus alpinus, Dracophyllum 
longifolium, Corokia cotoneaster and Coprosma species.  Further east, at the northern 
and southern extents of the Dunstan Mountains, are additional Podocarpus 
cunninghamii populations.  At Shepherd’s Creek, Podocarpus cunninghamii has 
colonised rocky outcrops and rockfields with Corokia cotoneaster, Griselinia 
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littoralis and Phyllocladus alpinus; at Scotts Creek, the population is again confined 
to a rocky fire refuge, and here grows with Phyllocladus alpinus, Dracophyllum 
longifolium and Podocarpus nivalis (Ward et al., 1994).  Podocarpus cunninghamii is 
also recorded as being present in the gorge of Near Undaunted Creek, on the south 
face of the Ida Range (Grove, 1994).   
 
2.4 Summary 
The predominant vegetation types of the high country have not been constant through 
time.  At the end of the last glacial maximum grasslands covered much of the 
landscape.  At around 13-10,000- years BP, as the climate warmed, these were slowly 
succeeded by Coprosma type shrublands or Phyllocladus scrub below tree line.  
Eventually, about 10-8,000 years BP, as temperatures continued to rise, podocarp 
forest expanded into these woody communities and became the predominant 
vegetation type.  Approximately 7-6,000 years BP the climate began to cool again, 
allowing Nothofagus to expand its range and replace podocarp forest along the vast 
majority of the axial ranges.  Podocarpus cunninghamii forest remained the dominant 
forest type in the central part of the South Island, where Nothofagus was still largely 
absent.  The absence of Nothofagus here most likely reflects its slow dispersal from 
refugia to the north and south of this region since end of the last glacial maximum.  
Moving eastwards from the Main Divide into the drylands, Podocarpus cunninghamii 
communities remained the dominant woody community below tree line and above the 
valley bottoms.  For the most part, shrublands and tussock grasslands would have 
been confined to valley bottoms and alpine areas, respectively.  This state is most 
likely what the first Polynesians to New Zealand would have encountered 
approximately 800 years ago.  Vast swathes of the high country were deforested 
during the early stages of Polynesian settlement.  This deforestation was greatest in 
the eastern dryland high country, and explains the predominantly grassland 
environment that early European explorers and pastoralists discovered.  Pastoral 
farming has extended and maintained these grasslands over the last 150 years.   
 
The large scale deforestation and conversion of the high country to grassland has 
severely depleted the former, pre-human range of Podocarpus cunninghamii 
communities.  In the wetter valleys close to the Main Divide, such as in the 
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headwaters of the Rakaia and Rangitata catchments, extensive tracts of tall 
Podocarpus cunninghamii forest can still be found.  Species such as Griselinia 
littoralis, Pseudopanax crassifolius and Coprosma linariifolia are common and form 
a continuous canopy or sub-canopy, above which project emergent Podocarpus 
cunninghamii, at times frequent enough to form a canopy.  However, as one moves 
eastwards, the remaining populations become increasingly scarce, small and isolated.  
These short statured, predominantly scrub-like communities cling to fire refugia and 
appear highly degraded.  Species of Coprosma are common, as is the invasive Rosa 
rubiginosa. 
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3 The ecology of Podocarpus cunninghamii in the high 
country 
 
3.1 Introduction 
Prior to human settlement the eastern South Island high country was covered in 
woody vegetation below the alpine tree line (McGlone, 1989).  Charcoal deposits, log 
remains and palynological records all indicate that Podocarpus cunninghamii was a 
dominant tree species within these historical woody communities, especially in areas 
where Nothofagus was absent (e.g. Buchanan, 1868, McGlone, 2001, McGlone and 
Basher, 1995, Molloy et al., 1963, Munro, 1868).  However, human activities, 
especially burning by both Polynesians and Europeans, and subsequent European 
agricultural expansion, has led to a marked decline in the cover of woody vegetation 
and a concomitant increase in grassland cover (McGlone, 2001, McGlone, 2004).  
Despite this widespread destruction, remnants of Podocarpus cunninghamii 
dominated plant communities are still present through the high country.   
 
A clear rainfall gradient occurs across the high country; areas immediately east of the 
Main Divide, such as Aoraki/Mt Cook National Park, have high annual precipitation 
(2,500-5,000 mm); but further east in the inter-montane basins, such as the Mackenzie 
Basin and Central Otago, annual rainfall is considerably less (<600 mm); the 
Kaikoura Ranges are anomalous in that their rainfall gradient runs from west to east.  
In the areas of high precipitation, such as in the headwaters of the Wilberforce River 
and the Seaward Kaikoura Range, extensive tall forest stands still remain (McKelvey, 
1984, Wardle, 1971).  However, in the drier areas Podocarpus cunninghamii 
dominated vegetation has been reduced to a very few small and isolated remnants that 
exist within a highly modified, predominantly grassland environment (Norton, 2006, 
Walker et al., 2004b).  These remnants are the last remaining examples of the dryland 
high country’s pre-human flora, but are often highly modified, due to their small size 
and susceptibility to edge effects, as well as their long history of fire and grazing 
disturbance (Walker et al., 2004a).   
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Very little is known about the ecology of Podocarpus cunninghamii communities 
within the high country – they are among the least understood and least studied 
ecological systems in New Zealand (Rogers et al., 2005, Walker et al., 2003).  As a 
result, little is known of the vegetation communities Podocarpus cunninghamii forms 
and how community composition is affected by environmental gradients.  
Furthermore, there is little knowledge of Podocarpus cunninghamii stand structures 
and regeneration patterns in the high country.  Such information is important for the 
ongoing management and future restoration of these communities.  The objectives of 
this research are to describe the contemporary flora of Podocarpus cunninghamii 
vegetation communities across the eastern South Island high country, to investigate 
how or whether vegetation patterns show a geographical distribution, and to 
determine what environmental factors drive these patterns.  In addition, this research 
will investigate the population dynamics of Podocarpus cunninghamii stands across 
the high country, using dendrochronological methods, to provide an insight into the 
history and trajectory of these stands, and to elucidate how disturbance regimes may 
affect current and future Podocarpus cunninghamii age and size structures.  The 
implications of the research for restoration will then be discussed. 
 
3.2 Methods 
3.2.1 Study sites 
The study focussed on the South Island high country: the mountains and basins in the 
rain-shadow of the Southern Alps, distributed through Marlborough, Canterbury and 
Otago (Swaffield and Hughey, 2001).  This area comprises the Clarence, Lowry, 
Heron, D’Archiac, Tasman, Mackenzie, Waitaki and Central Otago Ecological 
Regions (McEwan, 1978; Figure 2.1).   
 
Individual sites containing Podocarpus cunninghamii dominated communities were 
identified from survey reports of the Protected Natural Areas Programme (PNAP) 
covering the Heron, Mackenzie and Central Otago Ecological Regions (Espie et al., 
1984, Harrington et al., 1986, Ward et al., 1994), the Vegetation of Mt Cook National 
Park (Wilson, 1976), and three journal publications (McGlone and Basher, 1995, 
Wardle, 1971, Williams, 1989).  Stands were selected for study only if they were 
large enough to constitute woodland; therefore those sites that were recorded in the 
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PNAP reports as having only one or a few remnant trees of Podocarpus cunninghamii 
were not included.  One additional site, not identified from the above sources, was 
included based on local knowledge; this was Godley Peaks (Mackenzie Ecological 
Region; D. Scott, pers. comm.).  The 12 selected sites are listed in Table 3.1, along 
with site codes, and are mapped in Figure 3.1.  Six of the 12 sites were selected for 
investigation of population dynamics; stand characteristics are given in Table 3.2. 
 
3.2.2 Data collection 
3.2.2.1 Vegetation surveys 
Vegetation surveys of Podocarpus cunninghamii dominated vascular plant 
communities were undertaken using unbounded plots of approximately 95 m2 (Hurst 
and Allen, 2007); this area was sometimes reduced when the vegetation patch was 
marginally smaller than the desired plot size.  Sample plots were placed randomly 
along transect lines at 50 m altitudinal increments (e.g. a transect line was run at 800 
m, 850 m, 900 m, etc) with each plot at least 20 m apart at each altitude.  However, 
due to the very patchy nature of some of the remnants, i.e. small discrete stands of 
Podocarpus cunninghamii scattered within a rock field, it was not possible to place 
each plot at a specific altitude or distance apart.  In such cases the closest patch of 
Podocarpus cunninghamii vegetation to the transect was sampled.  The number of 
altitudes sampled was dependent on the altitudinal range of the site.  The number of 
plots per site was similarly limited by extent (Table 3.1).  Where large, continuous 
areas of forest were sampled, plots were located at least 10 m away from the edge of 
the stand in an attempt to avoid recording edge vegetation.  Within the more scattered 
and patchy stands it was often impossible to avoid sampling edge vegetation, as the 
size of the patches did not allow for any non-edge vegetation.   
 
The following data were recorded for each plot: 
 
1) Physical characteristics: 
GPS coordinates, altitude, aspect, slope, physiography (ridge, face, 
gully, terrace), surface cover (% rock, bare ground, litter, vegetation, 
non-vascular vegetation), average top height and canopy cover.   
 
 45
2) Vegetation cover according to height strata: 
Three height strata were used; stratum one (>3 m), stratum two (0.5-3 
m), and stratum three (0-0.5 m).  Any species with foliage present in 
more than one stratum was recorded as being in each stratum it was 
found.  Plant percentage cover within each stratum was estimated using 
a modified Braun-Blaunquet scale (Fuller and Conard, 1965): 
 
1. <1% cover 
2. 1-5% cover 
3. 6-10% cover 
4. 11-25% cover 
5. 26-50% cover 
6. 51-75% cover 
7. 76-100% cover 
 
Samples were collected of any species that was unidentifiable in the 
field and subsequently taken to a botanist for identification.  Samples 
were pressed and stored for future reference. 
 
3) Soil properties: 
A soil sample to 10-15 cm depth was collected from each plot using a 
2.5 cm diameter soil borer.  Samples were sieved to 2 mm and left to 
air dry.  Equal amounts of soil were then taken from each plot sample 
and mixed to provide a 100 g site sample; this formed a representative 
sample of the soil at a site.  The soil then sent to Hill Laboratories Ltd 
(a commercial analytical laboratory) for analysis of pH, Olsen 
phosphorous (P), total nitrogen (N) and total carbon (C). 
 
Additional coarse scale data were also derived for each site and used in the analysis.  
The following data were extracted from the Land Environments of New Zealand 
(LENZ) 25 m2 database: mean annual soil moisture deficit, vapour pressure deficit 
and solar radiation, mean annual temperature, and the minimum temperature of the 
coldest month. 
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Table 3.1 – The 12 study sites with their location, Ecological Region and District.  The area sampled is the total patch of continuous forest sampled.  
For DR, GP, LS, LI and PR each plot often constituted a patch, thus the area sampled for these sites is the sum of multiple patches.  * indicate sites 
where investigation of population dynamics was also conducted. 
Site Name Ecological Region Ecological District Locality Size of remnant (ha) Number of plots 
Tone River 1 (TR) 
Tone River 2 (TR) 
Clarence Dillon 42° 05’ S, 173° 25’ E 
42° 04’ S, 173° 23’ E 
0.6 
3.2 
3 
6 
Upper Hapuku Valley (UH)* Lowry Hundalee 42° 14’ S, 173° 40’ E 14.6 12 
Upper Lawrence Valley 1 (UL)* 
Upper Lawrence Valley 2 (UL) 
Heron Arrowsmith 43° 24’ S, 170° 54’ E 
43° 24’ S, 170° 53’ E 
2.4 
16.3 
5 
12 
Dogs Range (DR) Heron Arrowsmith 43° 34’ S, 171° 03’ E 1.4 8 
Mt Dobson (MD)* Heron Two Thumb 43° 58’ S, 170° 41’ E 2.1 6 
Aoraki/Mt Cook National Park 
(MC)* 
D’Archiac Mt Cook 43° 41’ S, 170° 09’ E 
43° 43’ S, 170° 05’ E 
7.7 
2.9 
12 
3 
Godley Peaks (GP) Tasman Godley 43° 48’ S, 170° 30’ E 1.6 7 
Mt Ben Ohau (MB)* Mackenzie Ben Ohau 44° 15’ S, 169° 53’ E 10.5 15 
Birdwood Station (BS)* Mackenzie Ahuriri 44° 29’ S, 169° 47’ E 8.1 15 
Longslip Station (LS) Mackenzie Ahuriri 44° 29’ S, 169° 44’ E 3.5 9 
Lindis (LI) Mackenzie Ahuriri 44° 30’ S, 169° 41’ E 3.3 8 
Pisa Range 1 (PR) 
Pisa Range 2 (PR) 
Central Otago Pisa 44° 49’ S, 169° 18’ E 
44° 51’ S, 169° 16’ E 
0.3 
2.9 
2 
7 
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Figure 3.1 – Locations of the 12 study sites. 
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3.2.2.2 Population dynamics 
Rectangular plots of 0.05-0.4 ha were established within six of the study sites (Figure 
3.1).  The area of each plot was dependent on the spacing of Podocarpus 
cunninghamii tress, with the objective being to sample at least 50 trees with a 
diameter at breast height (dbh; 1.4 m) ≥ 5 cm.  A single increment core was extracted 
at 50-140 cm above ground level from all trees with a dbh ≥5 cm.  In addition, ten 
sampled trees were randomly selected from each of sites Birdwood Station, Mt Ben 
Ohau and Mt Cook National Park, and three cores extracted from each; these were 
used to calculate an error rate associated with the age estimates.  The height at which 
an increment core was extracted was affected by forked stems and the need to avoid 
bulges, crooks and fused stems.  Where trees had multiple stems that originated below 
1.4 m, the two stems with the greatest dbh were selected, measured, and an increment 
core extracted from both.  The dbh of all trees ≥5 cm dbh was recorded, and the 
heights of all saplings and trees were estimated using a Suunto clinometer. 
 
Seedlings, saplings and trees encountered were classified as such according to the 
following criteria (modified from Veblen & Stewart (1982)): 
 
-  Established seedling: >50 cm, ≤1.4 m height 
-  Sapling: >1.4 m height, <5 cm dbh 
-  Tree >1.4 m height, ≥5 cm dbh 
 
In this survey the only seedlings of interest were those considered to have successfully 
established.  As such, seedlings less than 50 cm height were considered ephemeral 
and thus not enumerated. 
 
Cores were stored in plastic straws prior to arrival in the laboratory.  Once in the lab 
they were left to air dry for two weeks before being mounted onto grooved wooden 
boards, transverse surface upwards.  After 24 hours each core was sanded, first with a 
120 grade belt sander, followed by a 280 grade orbital sander.  Cores were examined 
under a binocular dissecting microscope and the number of rings counted (Stokes and 
Smiley, 1968). 
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Where the chronological centre of the core was missed, or the core was rotten, it was 
necessary to estimate the age of the core.  This was achieved using Equation 3.1. 
    
    A = (r – p) / (d / 20) + N  (Equation 3.1) 
 
Where A is age, r is the geometric radius, p is the length of the partial core, d is the 
width of the innermost 20 rings, and N is the number of rings counted from the partial 
core (Norton et al., 1987). 
 
3.2.3 Statistical analysis 
3.2.3.1 Vegetation surveys 
Two forms of analysis were conducted: classification and ordination.  The aim of the 
classification was to group the different vegetation types into species-based classes.  
The aim of the ordination was to identify how vascular plant species are distributed 
across the sites and plots according to a range of environmental variables.   
 
Prior to analysis the vegetation data for each plot, split across three height strata, was 
combined into a single value per species.  This was achieved by taking the log10 of the 
median height of each height stratum (the median of the >3 m stratum was set at 7 m) 
and multiplying by the median percent cover class of that species in that stratum 
(Norton and Leathwick, 1990).  Taking log10 of any number less than one produces 
negative values; in reality it is impossible to have a negative cover value.  As such, all 
negative values were converted into positive numbers of the same value (e.g. convert -
0.46 to 0.46) by taking the square root of the square. 
 
3.2.3.1.1 Classification 
The vegetation data were separated into different classes by two-way indicator species 
analyis (TWINSPAN) using WinTWINS (TWINSPAN for Windows version 2.3 (Hill 
and Šmilauer, 2005)).  TWINSPAN works by conducting repeated ordinations and 
divisions of the plot and species data, thereby producing a dichotomous classification 
tree.  Several cut levels (both the number of cut levels and their values) were 
evaluated, as well as the effects of omitting rarely occurring species.  The results from 
these were viewed in light of field observations of community patterns, and in the end 
the default programme values were selected for final analysis: five pseudo-species cut 
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levels with values of 0, 2, 5, 10 and 20.  All recorded species, irrespective of their 
rareness, were included in the analysis.   
 
The species-based classes were named following the system proposed by Atkinson 
(1985) and modified by Grüner (2003).  In this way the two most common woody 
species (≥20% cover) of tallest stature are selected; their names form the basis of the 
community name together with their form, i.e. forest, scrubland or woodland.  Species 
are then placed in rounded () or square [] parentheses if their abundance is below 20% 
or 10% respectively.  If two classes have the same two most common species, the 
third most common species is also included in the name. 
 
The Shannon diversity index (Shannon, 1948, Shannon and Weaver, 1949) was 
calculated for each class using the vegan package (version 1.15.4) (Oksanen et al., 
2009) in R 2.10.1 (R Development Core Team, 2009) and compared between classes 
using ANOVA.  To measure how ‘invaded’ each class was, counts of the number of 
exotic species present within each plot within each class were analysed using 
generalised linear models with a Poisson family error distribution.  The environmental 
attributes and structural characteristics of each class were also calculated.  These class 
values were compared by ANOVA, to gain insight into how these classes differ and 
what variables might be driving these differences.   
  
3.2.3.1.2 Ordination 
To elucidate how sites and species vary along the measured environmental gradients, 
the vegetation data was first analysed using principal components analysis (PCA) on 
Hellinger transformed species data.  Hellinger transformations maintain Euclidean 
distances between plots but provides resilience in the analysis against multiple zeros; 
this avoids the horseshoe effect that can compromise classical correspondence 
analysis or PCA on untransformed data (Legendre and Gallagher, 2001).  Each 
environmental variable was then tested for any relationship with PCA axes one and 
two using Pearson’s product-moment correlation.  Those environmental variables 
found to be significant (p<0.05) were retained for use in canonical redundancy 
analysis (RDA).   
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The Hellinger transformed vegetation data was then analysed in conjunction with the 
selected environmental variables by RDA.  RDA constrains the data held in the 
species data matrix by multiple linear regressions to the environmental data matrix 
(Legendre and Legendre, 1998) and allows visual interpretation of how the sites vary 
along the environmental gradients.  RDA was selected over the related canonical 
correspondence analysis (CCA) because RDA uses the Euclidean distance rather than 
the Chi-squared distance, as CCA does; the Chi-squared distance gives heavier 
weighting to rare species (Legendre and Gallagher, 2001), which was not considered 
desirable in the present case.  All analyses were conducted in R 2.10.1, using the 
vegan package. 
 
3.2.3.2 Population dynamics 
3.2.3.2.1 Age and size class distributions 
To gain an understanding of the current population structures of the different stands, 
age and size class distributions were constructed.  For trees that had two stems 
measured, the dbh and height measurements were averaged.  Stand basal area and 
stem density were also calculated. 
 
Linear regressions were conducted per site on age against dbh and age against height 
data; data were log-transformed where necessary.  Stand basal areas were estimated 
using dbh values.  The basal area of trees that had two stems measured was estimated 
by calculating and summing the individual values for the two stems. 
 
Using the three cores that were extracted from ten trees at each of Birdwood Station, 
Mt Ben Ohau and Mt Cook National Park, two estimates of age error by dbh class 
were calculated.  The first was a measure of the percent underestimate of age of an 
increment core within a given dbh class, and was calculated using Equation 3.2.   
 
 U = ((Ao – Ay) / Ao) × 100  (Equation 3.2) 
  
Where U is the percent age underestimate, Ao is the age of the oldest core and Ay is 
the age of the youngest core.  This was calculated for dbh classes 5-10, 10-20, 20-30 
and 30-50 cm.  This provided a mean percent underestimate per size class.  All age 
counts are likely to be minimum estimates of tree age (see below); as such, of the 
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three cores taken from a single tree, the one with the most rings was considered to 
represent the best estimate of minimum age.   
 
The second error estimate was that of age variation within a given dbh class.  This 
was calculated by taking the oldest of the three cores per tree and placing it within the 
relevant 5-10, 10-20, 20-30 or 30-50 cm dbh class.  This provided a mean age per size 
class, from which the standard error was then calculated.  Given the uncertainty of the 
age-height relationship, an error rate was not calculated for age by height class.  All 
analyses and graphical operations were conducted using R 2.10.1. 
 
3.2.3.2.2 Classification 
Cluster analysis was conducted on the age-class distributions to objectively identify 
differences between the distributions of the six sites.  A dissimilarity matrix was first 
constructed using the Jaccard index.  Clusters were then identified and assigned to 
classes through hierarchical agglomerative clustering using the unweighted pair group 
method with arithmetic means (UPGMA) (Legendre and Legendre, 1998).  Analysis 
was conducted in R 2.10.1, using the vegan package. 
 
3.2.3.2.3 Methodological limitations 
There are several limitations involved with the dendrochronological approach to 
estimating population age structure (Norton and Ogden, 1987, Ogden, 1985).  The 
age-diameter relationship suffers from the main issue that extrapolations of age from 
stem diameter are subject to the extreme variance that can occur for stem diameters 
within an age class, or vice versa (Ogden, 1985); as such, “the use of size as a 
measure of age is only justified if the relationship has been formally proved by the use 
of some independent accurate measure of age” (Harper, 1977).  In addition, there are 
problems associated with counting tree rings.  Such problems can  arise from rotten 
tree cores or simply from the borer missing the centre of the tree; both result in partial 
cores, meaning that the full ring chronology cannot be analysed (Dunwiddie, 1979, 
Norton et al., 1987). Further problems can arise from anomalous rings, which can be 
split into three different kinds: false rings, frost rings, and missing rings (Norton and 
Ogden, 1987). False rings are generated as a result of periods of adverse 
environmental conditions during the growing season, e.g. a short summer drought, 
which causes radial growth to cease for a period, before restarting again.  Frost rings, 
 53
which are a form of false ring, can occur when cells suffer frost damage, and can be 
common in subalpine trees.  Missing rings can arise when conditions are so severe 
that radial increment is localised to only certain parts of the tree or does not occur at 
all (Norton, 1986).  The issue of false and missing rings is known to be particularly 
prevalent in Podocarpus cunninghamii (Bell and Bell, 1959, Scott, 1972).   
 
There are several ways of attempting to control for the problems associated with 
dendrochronological data. The problem of incomplete or partial cores can be 
overcome to some extent by tracing the arc of the innermost ring of a core and fitting 
a full circle using a compass, thus identifying the missing radius of a core. The 
number of rings missed within this can then be estimated by dividing the width of the 
missing radius by the width of the innermost twenty rings (Duncan, 1989, Norton et 
al., 1987); this is the method outlined above (Equation 3.1). 
 
The problems of false and missing rings are more difficult.  Bell & Bell (1959) 
recommend that studies of totara (both Podocarpus totara and Podocarpus 
cunninghamii) tree rings use complete cross-sections rather than increment cores.  
This was not practicable in this instance as many of the Podocarpus cunninghamii 
populations in question are within public conservation land, while those occurring on 
private land are so small that felling even a single tree would be highly irresponsible.  
Another method has been suggested that, while not overcoming the problems of false 
and missing rings, greatly limits their degree of error.  The method is simply to extract 
cores from the longest radii of the stem (Duncan, 1989).  This is the method that was 
used in the present study.  In addition, multiple cores were taken from a selection of 
trees, which enabled an error rate to be calculated and applied to the age estimates.  It 
should be noted that due to the frequency of missing rings, especially those arising 
from “ring wedging” (Dunwiddie, 1979, Norton et al., 1987), all ring counts from 
increment cores are likely to represent minimum rather than maximum age estimates.  
Therefore, to be explicitly clear, all ages recorded and discussed in this chapter are 
estimates of tree ages based on ring counts, which are considered to be 
underestimates; they are not calendar years.  Furthermore, the ages recorded do not 
take into account the length of time it takes for a Podocarpus cunninghamii seedling 
to reach 1.4 m height; this data is absent from the literature and it was not considered 
ethical to collect seedlings for aging from the study sites because of their rarity. 
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Table 3.2 – Stand characteristics of Podocarpus cunninghamii at the six population 
dynamics study sites.   
Site Altitude 
(m) 
Plot size 
(ha) 
Stem density  
(stems·ha-1) 
Basal area 
(m2·ha-1) 
Average 
height (m) 
UH 850 0.2 250 35.29 9.90 
UL 850 0.2 250 44.65 12.25 
MC 800 0.4 125 6.17 6.97 
MD 850 0.21 238 14.13 6.05 
MB 750 0.12 416 10.02 4.04 
BS 700 0.05 1000 6.27 3.68 
 
 
 
Table 3.3 – LENZ environmental data for each site.  All figures are annual means. 
Site Soil water 
deficit (mm) 
Vapour pressure 
deficit (kPa) 
Mean 
temp. (°C) 
Min. temp. 
(°C) 
Solar radiation 
(MJ·m-2·d-1) 
TR 130.00 0.45 7.28 -3.26 14.80 
UH 0.00 0.50 8.09 -1.53 14.60 
UL 0.00 0.44 8.00 -1.95 13.99 
DR 14.75 0.43 7.53 -2.10 13.90 
MD 0.00 0.38 8.08 -2.30 13.40 
MC 0.00 0.39 8.03 -2.30 13.85 
GP 85.71 0.48 8.17 -2.26 14.40 
MB 30.13 0.43 8.20 -2.45 13.89 
BS 98.73 0.43 8.15 -3.07 13.79 
LS 86.22 0.42 7.94 -3.04 13.80 
LI 83.25 0.42 7.93 -3.05 13.80 
PR 98.00 0.40 7.56 -3.59 13.83 
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3.3 Results 
3.3.1 Study sites 
Six of the 12 study sites, namely Pisa Range, Birdwood Station, Longslip Station, Mt 
Cook National Park, Upper Lawrence and Tone River, comprised more than one 
distinct stand of Podocarpus cunninghamii forest.  For all sites apart from Upper 
Lawrence and Tone River, each population within a site fell under the same tenure or 
management type.  Upper Lawrence and Tone River are exceptions in that of the two 
populations sampled at each, one was situated on farmland while the other was 
situated on DOC administered public conservation estate.  A brief description of each 
site follows, and Table 3.3 summarises the environmental data obtained from LENZ. 
 
3.3.1.1 Tone River (TR) 
Two sites were visited within the Tone River catchment.  The larger of the sites, 
situated within the Ka Whata Tu O Rakihouia Conservation Park, lies on the true left 
of the Tone River, approximately 1 km south of the mouth of the Nesbit Stream; no 
Podocarpus cunninghamii was seen on the true right of the river.  The second site, 
located on Muller Station, is much smaller and occurs within the upper reaches of a 
deeply incised valley to the east of Mt Muller.  Both sites are steep (35-40°) and have 
a high ground cover of rock. 
 
The larger site has a more open structure, with individuals of Podocarpus 
cunninghamii scattered throughout a diverse and dense tree/shrubland (Plate 3.1).  
Hebe traversii, Hoheria lyallii, Pittosporum tenuifolium and Brachyglottis monroi are 
all abundant.  Phyllocladus alpinus, Olearia nummulariifolia and Coprosma 
linariifolia are also common.  Prevalent exotic species include Rosa rubiginosa, Ribes 
uva-crispa and Hieracium lepidulum.  Large standing dead specimens of Podocarpus 
cunninghamii occur frequently (up to 10 m tall), and several of the larger live trees 
show advanced stages of crown dieback.  Regeneration of Podocarpus cunninghamii 
is apparent throughout the site. 
 
The smaller site has a more typical tall forest structure with a closed Podocarpus 
cunninghamii canopy (10 m tall; Plate 2.2).  Large dead trees are again common.  The 
shrub element is relatively sparse, apart from where it proliferates within canopy gaps 
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along with saplings of Podocarpus cunninghamii.  Pseudopanax colensoi var. 
ternatus has a very limited occurrence and only in seedling form.  Goats and possums 
were seen in the area. 
 
 
Plate 3.1 – The larger of the two sites sampled at Tone River. 
 
3.3.1.2 Upper Hapuku (UH) 
The site studied is located within a series of steep valleys cloaked in Podocarpus 
cunninghamii dominated forest.  Extensive stands of large Podocarpus cunninghamii 
trees (15-20 m tall) dominate the vegetation (Plates 2.1 and 3.2).  Given the 
abundance and size of Podocarpus cunninghamii at this site, these stands are 
considered to represent old growth forest.  Griselinia littoralis, Pseudopanax 
crassifolius and Coprosma linariifolia occur frequently, though not in great enough 
numbers to form a contiguous sub-canopy.  Shrubs such as Coprosma propinqua and 
Hebe traversii are common; together with the aforementioned species they form a 
two-tiered understorey.  Herbivore damage to all sub-canopy species is clear, with 
seedlings, saplings and epicormic shoots all showing evidence of browsing; it is 
probable that this is the reason for the sparse angiosperm canopy.  This area is popular 
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amongst hunters.  A pig nest and deer wallow was found during the visit; possums 
were also seen. 
 
 
Plate 3.2 – Mature Podocarpus cunninghamii trees project above shrub species at 
Upper Hapuku. 
 
3.3.1.3 Upper Lawrence (UL) 
Located approximately 7-8 km up the Lawrence River from the confluence with the 
Clyde River, this site represents a relatively extensive area of Podocarpus 
cunninghamii dominated vegetation.  Large Podocarpus cunninghamii trees (15-20 m 
tall) form an emergent layer above an angiosperm canopy dominated by Griselinia 
littoralis (3-5 m tall; Plates 2.3 and 3.3).  Other common trees and shrubs were 
Phyllocladus alpinus, Pseudopanax crassifolius, Coprosma linariifolia, Coprosma 
propinqua and Myrsine divaricata.  The sheer size and abundance of Podocarpus 
cunninghamii trees at this site, together with the intact broadleaf canopy, suggests that 
while the historical forest area has suffered a considerable reduction, the remaining 
stands are relatively intact and representative of old growth forest. 
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Plate 3.3 – Mature Podocarpus cunninghamii trees project above the angiosperm 
canopy and shrub layer at Upper Lawrence. 
 
Podocarpus cunninghamii occurs on both sides of the river; the vast majority lie on 
the river’s true right, forming part of the Hakatere Conservation Park; the remaining 
stand lies on the true left of the river, and is part of Erewhon Station. 
 
Dealing with the larger area first, several disconnected stands occur both on the lower 
faces with a relatively gentle slope (approximately 25°) and higher up on extremely 
steep rock outcrops.  All stands occur on stable rock fields and are separated by 
unvegetated sloping rock fields.  The largest stand present was sampled (Table 3.1).   
 
The smaller area, situated on Erewhon Station, is on a steep gully face perpendicular 
to the main river valley.  A fence has been erected around its perimeter to prevent 
livestock access, though evidence of herbivory is present within.  The Lawrence 
Valley is known to provide excellent ungulate hunting opportunities, and evidence of 
herbivory is also present within the larger stand.  Goats and brush-tailed possums 
were seen while traversing the site. 
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Plate 3.4 – Scattered clumps of Podocarpus cunninghamii woodland at Dogs Range. 
 
This site lies at the southern end of the Dogs Range, approximately 3 km north of 
Lake Clearwater, just north of Mt Guy; it is part of the Hakatere Conservation Area.  
The area’s forest cover has been dramatically reduced to disconnected clumps of trees 
and shrubs within steep rock fields (Plate 3.4).  Common and distinctive trees and 
shrubs include Podocarpus cunninghamii, Phyllocladus alpinus, Hoheria lyallii, 
Coprosma linariifolia, Coprosma propinqua, Corokia cotoneaster and Myrsine 
divaricata.  Old Podocarpus cunninghamii logs can be found scattered about the rock 
fields and grassy areas; these lay testament to a bygone period of more extensive 
woodland cover.  A few very large individual trees (dbh > 1 m) are suggestive that the 
majority of the current population are the result of regeneration since a previous 
disturbance event.  If this site remains free of severe disturbance it seems likely that 
the gaps currently present between the clumps of woody vegetation will eventually be 
in-filled by Podocarpus cunninghamii forest.  The site is subject to mammalian 
herbivory, with a group of Himalayan thar seen. 
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3.3.1.5 Mt Dobson (MD) 
The Mt Dobson site, situated just under 20 km northwest of Fairlie and approximately 
10 km east of Lake Tekapo, lies within Te Kahui Kaupeka Conservation Park, 
formerly known as the Mt Dobson Conservation Area, at the southern end of the Two 
Thumb Range. 
 
The stand is present on a very steep gully face (approx. 45°) with rock outcrops at the 
top of the site.  The canopy is dominated by Podocarpus cunninghamii, Griselinia 
littoralis and Pseudopanax crassifolius, with Podocarpus cunninghamii also present 
as emergents (Plate 2.4).  Trees and shrubs such as Pseudopanax colensoi var. 
ternatus, Coprosma linariifolia and Coprosma propinqua all occur frequently.  The 
site lies within subalpine grassland and scrub, and extensive cutting of wilding 
conifers has taken place on adjacent land.  Wallabies and possums were seen, with 
extensive wallaby tracks being common throughout, particularly towards the top of 
the site. 
 
3.3.1.6 Aoraki/Mt Cook National Park (MC) 
Two distinct stands of Podocarpus cunninghamii dominated communities were 
sampled.  The larger of the two is sited on the steep (approx. 45°), east facing 
mountainsides of the Mt Cook Range, at the end of the Tasman Valley Road 
overlooking Tasman Lake.  The second, smaller site is located directly northwest of 
Mt Cook Village, on a steep face (approx. 35°) of the Sealy Range.   
 
The first site is covered in dense forest, grading into thick subalpine scrub at higher 
altitudes.  Podocarpus cunninghamii is common within the canopy and as an 
emergent (Plate 3.5).  The canopy itself is dominated by Griselinia littoralis, 
Pseudopanax colensoi var. ternatus and Phyllocladus alpinus, with Dracophyllum 
longifolium increasing in abundance higher up the slope.  Large specimens of 
Podocarpus cunninghamii, though present, are far from common, with trees most 
often being 5-8 m tall.   
 
The second site covers a much smaller area and is far less dense; however it does 
support larger specimens of Podocarpus cunninghamii and suggests that the site has 
either been clothed in Podocarpus cunninghamii forest for a longer time than the first, 
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or perhaps more likely, that the site is more stable, with less frequent rock fall or 
slippage (Plate 2.5).  The bottom edge of this site is highly invaded by exotic herbs, 
with Mycelis muralis and Digitalis purpurea being particularly common. 
 
 
Plate 3.5 – Dense forest with emergent Podocarpus cunninghamii, overlooking 
Tasman Lake. 
 
3.3.1.7 Godley Peaks (GP) 
This site is situated on Godley Peaks Station, along the south eastern faces of the 
Halls Range, overlooking Lake Tekapo.  The site is relatively steep, with numerous 
sloping fans often reaching over 30°.  The distribution of vegetation is very patchy, 
with the patches also being small (Plate 3.6).   
 
Where Podocarpus cunninghamii is present within vegetation patches it tends to form 
an emergent canopy layer over trees and shrubs such as Hoheria lyallii, Corokia 
cotoneaster, Coprosma propinqua, Aristotelia fruticosa and Pittosporum anomalum.  
Small individual specimens of Podocarpus cunninghamii are present emerging out of 
dense shrubland areas.  The canopy at this site is considered to be that created by 
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Podocarpus cunninghamii, with the shrubs constituting an understorey layer.  Typical 
canopy species such as Griselinia littoralis or Pseudopanax crassifolius are absent.  
Herbaceous and grass species more typically associated with open areas, such as 
Festuca novae-zealandiae, are common.  There is evidence of past logging, with 
several old cut stumps present. 
 
 
Plate 3.6 – Patch of Podocarpus cunninghamii woodland within a stable rock field, at 
Godley Peaks. 
 
3.3.1.8 Mt Ben Ohau (MB) 
This site is characterised by numerous rock fields, broken only by patches of 
grassland, shrubland or Podocarpus cunninghamii woodland (Plates 2.6 and 3.7).  
Despite the patchy nature of the vegetation, this site represents the largest population 
of Podocarpus cunninghamii in the Mackenzie Ecological Region (Espie et al., 1984).   
Where enough trees are present to form a canopy, Podocarpus cunninghamii is the 
only canopy tree.  Typical canopy forming species, such as Griselinia littoralis and 
Sophora microphylla, are only represented here by a few individuals; Phyllocladus 
alpinus is conspicuous by its absence.  The shrub component is diverse and often 
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extremely dense.  Common species include Discaria toumatou, Coprosma propinqua, 
Corokia cotoneaster and Aristotelia fruticosa.  As with Godley Peaks, a more diverse 
community of grassland plants is present, including native species, such as Aciphylla 
aurea, and invasive exotic species, such as Hieracium pilosella.   
 
 
Plate 3.7 – Patchwork of Podocarpus cunninghamii woodland, dense shrubland, 
grassland and stable rock fields, at Mt Ben Ohau. 
 
3.3.1.9 Birdwood Station (BS) 
Part of the Diadem Range, this site lies on Birdwood Station, near Omarama.  Four 
stands of Podocarpus cunninghamii dominated communities occur side by side, 
within shallow, steep (approx. 35°) and rocky gullies on the hill face overlooking 
State Highway 8.  
 
Where Podocarpus cunninghamii forms a canopy it is dense, and other vascular plant 
species are rare; however the shrub community can be quite diverse within areas of 
thin canopy or light gaps.  Species such as Coprosma propinqua, Corokia 
cotoneaster, Aristotelia fruticosa and the invasive Rosa rubiginosa are common; 
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Phyllocladus alpinus is again conspicuous by its absence.  Scattered shrubs, often 
Discaria toumatou, are present in the pasture surrounding the stands and appear to 
have a positive association with the appearance of Podocarpus cunninghamii 
seedlings.  Natural regeneration of Podocarpus cunninghamii and other native shrubs 
is evidence of the gaps between the stands slowly beginning to in-fill (Plate 2.7).  This 
is in spite of ongoing sheep grazing on these faces, with no fencing having been 
erected to prevent stock access to the woodland areas. 
 
3.3.1.10 Longslip Station (LS) 
Three small populations of Podocarpus cunninghamii dominated vegetation exist on 
Longslip Station, all overlooking State Highway 8, just 3 km west of the Birdwood 
Station populations.  As with Birdwood Station, each stand occurs within adjacent 
shallow, steep (approx. 30°) and rocky gullies, surrounded by pasture (Plate 3.8).  
Shrubs are common only within Podocarpus cunninghamii light gaps, including Ribes 
uva-crispa, which abounds.  Phyllocladus alpinus is here conspicuous by its presence.  
Sheep grazing also takes place here. 
 
 
Plate 3.8 – Remnant Podocarpus cunninghamii stand at Longslip Station. 
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3.3.1.11 Lindis (LI) 
This site forms part of the Ahuriri Conservation Area and lies adjacent to Longslip 
Station; access is provided through the Lindis Conservation Area.  The site is 
predominantly steeply sloping (approx. 30°) rock fields with clumps of vegetation 
scattered throughout (Plate 3.9).  Podocarpus cunninghamii dominates these 
vegetation patches with shrubs such as Coprosma propinqua, Corokia cotoneaster 
and Aristotelia fruticosa common.  Due to the open nature of the site, a diverse 
herbaceous and grass community is present, with Hieracium praealtum, Hieracium 
pilosella and Festuca novae-zealandiae common.  Towards the top of the site a small 
population of Nothofagus solandri var. cliffortioides is present.   
 
 
Plate 3.9 – Scattered Podocarpus cunninghamii dominated vegetation on a stable 
rock field at Lindis, with Nothofagus solandri trees above. 
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3.3.1.12 Pisa Range (PR) 
The southernmost site studied, Pisa Range is comprised of two distinct populations, 
one in Alfern Creek Conservation Area and the other in Lochar Burn Scenic Reserve.  
Both sites are relatively steep (approx. 25°) and differ to the other dryland sites in 
their lack of rock fields.      
 
Both populations appear seral in nature, with Kunzea ericoides forming the vast 
majority of the habitat and Podocarpus cunninghamii apparently slowly increasing in 
abundance in both the understorey and canopy layers (Plates 2.8 and 3.10).  The shrub 
component is quite species poor, with few species present; typical species include 
Coprosma propinqua and Gaultheria antipoda.  Exotic shade intolerant grasses such 
as Anthoxantham odoratum are common. 
 
 
Plate 3.10 –Kunzea ericoides scrubland with Podocarpus cunninghamii, at Pisa 
Range. 
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3.3.2 Vegetation surveys 
3.3.2.1 Classification 
Seven classes were identified from TWINSPAN analysis.  The first division of the 
analysis separated the dry sites (high annual soil moisture deficit) from the wetter sites 
(little to no annual soil moisture deficit).  For the wetter sites, Mt Cook National Park 
formed its own class, as did Upper Hapuku; Mt Dobson and Upper Lawrence formed 
the basis for the third class.  For the dry sites, Tone River and Longslip formed the 
basis for class four; Dogs Range, Godley Peaks and Mt Ben Ohau were all grouped 
together to form class five; Birdwood Station and Lindis formed the basis of class six; 
Pisa Range formed class seven (Figure 3.2, Table 3.4).  In terms of species diversity 
(Table 3.4), classes one, two and three have significantly higher Shannon diversity 
indices than classes four, six and seven, while class five appears intermediate in the 
diversity split.  Classes one, two and three have very few exotic species present, 
averaging one per plot, while at the other end, classes four and six have significantly 
more exotic species, averaging between five and six per plot (Table 3.4).  The soil 
properties, environmental attributes and physiognomic characteristics of these classes 
are shown in Tables 3.5, 3.6 and 3.7, respectively.  Classes one, two and three are 
distinct in having minimal to no annual soil moisture deficit, and similar to the 
diversity split, class five appears intermediate between the wetter sites and the 
remaining dry classes with high soil moisture deficit.  In terms of soil properties, 
classes one, two and three have significantly lower levels of P compared with classes 
four to seven.  Other clear differences between the classes are physiognomic, with 
classes one to three having significantly higher litter and canopy cover values, and 
classes four to seven having significantly higher rock cover values.  A description of 
each class follows.  For a full list of the species present within each vegetation class, 
together with their percentage cover values see Appendix 1. 
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Table 3.4 – Site-plot contributions to the different classes, and mean values of species diversity, 
species richness and exotic species ± 1 s.e. of mean.  Different letters within columns indicate 
significant differences. 
Class Site-plot 
contributions
Name of vegetation 
class 
Shannon 
diversity 
index 
Number of 
species per 
plot 
Number of 
exotic species 
per plot 
1 UH (1/12) 
MC (12/15) 
UL (1/17) 
Podocarpus 
cunninghamii – 
Phyllcladus alpinus 
forest 
2.29 ± 0.08a 17.5 ± 1.6ac 0.6 ± 0.3a 
2 UH (11/12) 
 
 
Podocarpus 
cunninghamii – 
(Coprosma linariifolia) 
forest 
2.25 ± 0.06a 21.4 ± 0.7b 1.3 ± 0.2a 
3 MD (6/6) 
MC (3/15) 
UL (16/17) 
DR (1/8)  
Podocarpus 
cunninghamii – 
(Griselinia littoralis) 
forest 
2.28 ± 0.06a 18.2 ± 0.8a 0.9 ± 0.2a 
4 LI (1/8) 
LS (5/9) 
TR (9/9) 
Podocarpus 
cunninghamii – 
(Phyllocladus alpinus) 
woodland 
1.95 ± 0.20b 18.3 ± 2.0ab 5.7 ± 0.7b 
5 BS (1/12) 
DR (7/8) 
GP (7/7) 
MB (12/15) 
Podocarpus 
cunninghamii – 
(Corokia cotoneaster) 
scrubland 
2.13 ± 0.06ab 14.4 ± 0.9c 2.8 ± 0.3c 
6 BS (14/15) 
LI (7/8) 
LS (4/9) 
MB (3/15) 
PR (1/9) 
Podocarpus 
cunninghamii – 
(Coprosma propinqua) 
treeland 
1.90 ± 0.08b 16.2 ± 0.7ac 5.6 ± 0.3b 
7 PR (8/9) 
 
 
Kunzea ericoides – 
Podocarpus 
cunninghamii 
scrubland 
1.92 ± 0.17b 13.5 ± 2.0c 3.9 ± 0.9bc 
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1) Podocarpus cunninghamii – Phyllocladus alpinus forest 
This forest type occurs on steep mountain slopes (42º) near the Main Divide, in areas 
with no annual soil moisture deficit and low minimum winter temperatures (-2.1ºC).  
It forms a low (approx. 3 m) closed canopy (90% cover), mainly of Pseudopanax 
colensoi var. ternatus (24%2), Phyllocladus alpinus (24%2), Podocarpus 
cunninghamii (19%2) and Griselinia littoralis (14%2), and above which Podocarpus 
cunninghamii also emerges (16%1).  Dracophyllum longifolium is also a common 
component (7%2).  The shrub layer is sparse beneath the canopy, Coprosma dumosa 
being most common (7%2).  Coprosma propinqua (6%2), Gaultheria crassa (2%2) 
and Hebe subalpina (2%2) are common in canopy gaps.  The ground flora is mainly 
comprised of regenerating canopy species, such as Phyllocladus alpinus (13%3), 
Podocarpus cunninghamii (12%3) and Grislenia littoralis (10%3).  Polystichum 
vestitum is the most common fern (6%3) and can form dense areas; Blechnum penne-
marina (3%3) and Asplenium richardii (3%3) are also common but have a less 
aggregated presence.  Lianes are uncommon, the most common being Rubus 
schmidelioides (0.2%2).  Although far from common, species more typical of the West 
Coast are also present, such as Brachyglottis buchananii (4%2) and Coprosma 
serrulata (0.2%2), indicating the high levels of precipitation this forest type receives.  
The litter layer is well developed (86.4%) and there is a low covering of rock (20%).  
The soils are highly acidic (4.7 pH) and have relatively low levels of P (8.9 mg·L-1).  
Vascular plant species diversity is relatively high (2.3 Shannon diversity index) with 
an average of 18 species per plot. 
1 2 3 
2) Podocarpus cunninghamii – (Coprosma linariifolia) forest  
This forest type occurs in the steep (34º) high precipitation Seaward Kaikoura Range.  
It does not experience annual soil moisture deficit and has a relatively mild winter 
minimum temperature (-1.5ºC).  The canopy is closed (90%) and formed 
predominantly by tall (10.5 m) Podocarpus cunninghamii trees (70%1).  The 
understorey is sparse and populated by Coprosma linariifolia (13%2), Phyllocladus 
alpinus (8%2), Griselinia littoralis (7%2) and Carpodetus serratus (6%2); 
Pseudopanax crassifolius (5%2) and Pseudopanax colensoi var. ternatus (2%2) have 
                                                 
1 >3 m height 
2 0.5 – 3 m height 
3 <0.5 m height 
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an occasional presence.  The most common shrub species is Hebe traversii (13%2), 
which is the indicator species for this forest type.  Other species common in the shrub 
layer include Coprosma propinqua (11%2) and Coprosma dumosa (3%2).   Astelia 
petriei (6%3) has a conspicuous presence in the herb layer, as too does the exotic 
Mycelis muralis (7%3).  However, the herb layer is dominated by the fern Polystichum 
vestitum, which can form dense and extensive mats (68%3); Blechnum montanum is 
also common (15%3).  The most common liane is Rubus cissoides (6%2); although 
Clematis forsteri is also present (4%2).  The litter layer is well developed (88%) and 
there is a high covering of ground flora (85%).  The soil is acidic (5.8 pH) with an 
intermediate level of available P (15.0 mg·L-1).  Vascular plant species diversity is 
relatively high (2.3) with an average of 21 species per plot. 
1 2 3  
3) Podocarpus cunninghamii – (Griselinia littoralis) forest 
This forest type occurs close to the Main Divide on steep valley faces (35º) with 
minimal water deficit and low winter minimum temperature (-2.1ºC).  The closed 
canopy (91%) stands approximately 5 m height and is formed mainly by angiosperm 
species; Griselinia littoralis (16%1), Coprosma linariifolia (10%2), Phyllocladus 
alpinus (8%2), and Pseudopanax crassifolius (5%2) are the most common.  
Podocarpus cunninghamii is also present in the canopy and, more frequently, emerges 
above it (33%1).  The understorey and shrub layer is diverse, especially in canopy 
gaps, containing such species as Coprosma propinqua (5%2), Hoheria lyallii (3%2), 
Pittosporum tenuifolium (3%2) and Myrsine divaricata (2%2).  The herb layer is rich 
in ferns, including Polystichum vestitum (23%3), Microsorum pustulatum (9%3), 
Blechnum montanum (5%3), Blechnum penne-marina (5%3).  Pyrrosia eleagnifolia, 
more typical of the West Coast, is also present (1%3).  Other species common in the 
herb layer are Lagenifera strangulata (3%3) and Uncinia clavata (3%3), as well as 
regenerating woody species, such as Griselinia littoralis (8%3), Coprosma linariifolia 
(5%3) and Podocarpus cunninghamii (5%3).  Rubus cissoides (1%2) and Rubus 
schmidelioides (1%2) are the most common lianes.  The litter layer is well developed 
(87%), the soil is acidic (5.3 pH) with low-intermediate levels of available P (12.7 
                                                 
1 >3 m height 
2 0.5 – 3 m height 
3 <0.5 m height 
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mg·L-1).  Vascular plant species diversity is relatively high (2.3), with an average of 
18 species per plot. 
1 2 3  
Table 3.5 – Soil properties of the different classes ± 1 s.e. of mean.  Different letters 
within columns indicate significant differences. 
Class pH Soil N (%) Soil C (%) C:N ratio Olsen P (mg·L-1) 
1 4.7 ± 0.1a 0.47 ± 0.01a 8.27 ± 0.13a 17.7 ± 0.2a 8.9 ± 0.6a 
2 5.8 ± 0.0b 0.45 ± 0.00a 6.90 ± 0.00a 15.3 ± 0.0b 15.0 ± 0.0b 
3 5.3 ± 0.1c 0.56 ± 0.02b 8.47 ± 0.21a 15.3 ± 0.3b 12.7 ± 0.6b 
4 5.9 ± 0.1b 0.41 ± 0.01a 6.45 ± 0.18a 15.6 ± 0.2b 21.5 ± 1.4c 
5 6.3 ± 0.1d 0.79 ± 0.06c 11.90 ± 1.29b 14.3 ± 0.5c 21.1 ± 1.1c 
6 5.6 ± 0.1e 0.39 ± 0.01a 5.41 ± 0.11c 14.0 ± 0.2c 21.0 ± 0.9c 
7 5.2 ± 0.02c 0.33 ± 0.01a 5.63 ± 0.08c 17.1 ± 0.1a 32.0 ± 0.0d 
 
4) Podocarpus cunninghamii – (Phyllocladus alpinus) woodland 
This woody community occurs on high altitude mountain slopes (950 m) in areas of 
very high annual soil water deficit (111 mm·yr-1).  The mean annual temperature 
(7.5ºC) is significantly lower than all the other classes apart from class seven, and it 
experiences very low winter minimum temperatures (-3.2ºC).  The canopy, which 
stands at approximately 6 m and is not continuous (60%), is comprised mainly of 
Podocarpus cunninghamii (38%1), but includes Phyllocladus alpinus (17%2), 
Pittosporum tenuifolium (5%2) and Hoheria lyallii (2%2), which often intergrade into 
a sub-canopy.  In places where the canopy does close it can be dense, with little 
growing in the shrub layer, however, as the canopy is often open, the shrub layer of 
the community can be quite diverse.  Species such as Coprosma propinqua (5%2), 
Hebe subalpina (4%2) and Olearia nummulariifolia (3%2) are common; in the Inland 
Kaikoura Range Hebe traversii is the dominant shrub (8%2), and Brachyglottis 
monroi (2%2) is a local component.  The exotic shrubs Ribes uva-crispa (5%2), which 
is an indicator species for this community, and Rosa rubiginosa (2%2) are common.  
The ground flora consists largely of sprawling Podocarpus cunninghamii foliage 
(20%3) and shrub regeneration, such as Phyllocladus alpinus (11%3) and Ribes uva-
crispa (9%3).  The most common herbaceous species are exotic, including Hieracium  
                                                 
1 >3 m height 
2 0.5 – 3 m height 
3 <0.5 m height 
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Figure 3.2 – Seven class dendrogram derived from TWINSPAN analysis.  Indicator 
species are listed along the branches of each division, according to NVS six letter 
codes.  The number of plots at each division and within each class is given in italics.  
The seven classes are listed in bold on the right-hand side.   
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Table 3.6 – LENZ environmental variables of the different classes ± 1 s.e. of mean.  Different letters within columns indicate significant 
differences. 
Class Aspect (°) Slope (°) Altitude (m) Water deficit 
(mm) 
Vapour pressure 
deficit (kPa) 
Mean temp 
(°C) 
Mininmum 
temp (°C) 
Solar radiation 
(MJ·m-2·d-1) 
1 89.2 ± 5.0a 42.1 ± 1.6a 862 ± 21a 0.0 ± 0.0a 0.40 ± 0.008a 8.0 ± 0.1a -2.3 ± 0.04a 13.9 ± 0.06a 
2 124.3 ± 4.5b 34.4 ± 3.5b 906 ± 22b 0.0 ± 0.0a 0.50 ± 0.005b 8.1 ± 0.1a -1.5 ± 0.1b 14.6 ± 0.00b 
3 90.0 ± 9.3a 34.7 ± 1.6b 836 ± 9a 0.4 ± 0.4a 0.42 ± 0.005c 8.0 ± 0.03a -2.1 ± 0.04c 13.8 ± 0.05a 
4 115.5 ± 6.0b 33.8 ± 1.6b 928 ± 38b 111.4 ± 6.9b 0.44 ± 0.006d 7.5 ± 0.1b -3.2 ± 0.05d 14.4 ± 0.13b 
5 123.2 ± 6.0b 35.7 ± 0.7b 831 ± 14a 42.0 ± 6.4c 0.44 ± 0.005d 8.0 ± 0.1a -2.3 ± 0.04a 14.0 ± 0.04c 
6 131.7 ± 6.5b 32.7 ± 1.1b 750 ± 11c 87.3 ± 3.8d 0.42 ± 0.003c 8.1 ± 0.1a -3.0 ± 0.05e 13.8 ± 0.01a 
7 76.0 ± 13.1a 26.6 ± 2.8c 808 ± 21a 95.5 ± 7.0b 0.40 ± 0.006a 7.6 ± 0.1b -3.6 ± 0.04f 13.8 ± 0.02a 
 
 
Table 3.7 – Stand characteristics of the different classes ± 1 s.e. of mean.  Different letters within columns indicate significant differences. 
Group Vegetation (%) Non-vascular (%) Litter (%) Bare ground (%) Rock (%) Canopy (%) Top height (m) 
1 42.5 ± 5.1a 25.4 ± 3.8a 86.4 ± 3.6a 1.4 ± 1.4ab 20.0 ± 5.1a 87.9 ± 3.9a 3.1 ± 0.2a 
2 85.5 ± 3.7b 11.4 ± 2.2b 88.2 ± 1.2a 0.5 ± 0.5ab 1.4 ± 3.7b 90.0 ± 3.0a 10.5 ± 1.4b 
3 61.0 ± 5.1c 20.6 ± 2.3a 87.1 ± 1.7a 1.7 ± 0.9ab 25.4 ± 5.1a 91.2 ± 2.9a 5.2 ± 0.4c 
4 54.0 ± 7.9c 23.0 ± 4.9a 41.0 ± 5.3b 4.7 ± 1.6a 52.0 ± 7.9c 61.3 ± 6.8b 5.7 ± 0.5c 
5 42.0 ± 3.4a 19.4 ± 3.6a 49.1 ± 3.6b 0.0 ± 0.0b 89.1 ± 3.4d 46.7 ± 3.5b 4.4 ± 0.2c 
6 50.3 ± 3.7c 10.9 ± 1.8b 37.6 ± 3.7b 4.1 ± 1.8a 60.9 ± 3.7c 44.8 ± 4.0b 5.0 ± 0.3c 
7 40.0 ± 9.8a 16.3 ± 3.8ab 40.0 ± 12.4b 8.8 ± 6.1a 56.3 ± 9.8c 61.3 ± 8.5b 2.5 ± 0.2a 
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lepidulum (15%3), Mycelis muralis (3%3) and Hieracium praealtum (3%3).  
Muehlenbeckia complexa (3%2) and Clematis forsteri (2%3) are the most common 
lianes.  The litter layer of this community is poorly developed (41%) and rock cover is 
high (52%).  The soil is acidic (5.9 pH) and contains significantly more plant 
available P than the first three communities (21.5 mg·L-1).  Species diversity is 
significantly lower than classes one, two and three (2.0), although it maintains an 
average of 18 species per plot. 
1 2 3  
5) Podocarpus cunninghamii – (Corokia cotoneaster) scrubland 
This community type exists on steep slopes (36º) in areas experiencing annual soil 
moisture deficits (42 mm·yr-1) intermediate between classes one to three and classes 
four, six and seven; and cold winter minimum temperatures (-2.3ºC).  The community 
is very open, with scattered Podocarpus cunninghamii (32%2) trees standing above a 
small tree-shrubland mix.  Common species include Hoheria lyallii (4%2), Corokia 
cotoneaster (16%2), Coprosma propinqua (15%2), Hebe subalpina (11%2), Melicytus 
alpinus (8%3), Aristotelia fruticosa (5%2) and Discaria toumatou (5%2); Rosa 
rubiginosa (4%2) is a common exotic.  Sophora microphylla (2%2), Griselinia 
littoralis (2%2) and Pittosporum tenuifolium (1%2) occur very sporadically.  
Podocarpus cunninghamii has a high ground cover (18%3), mainly from sprawling 
foliage rather than regeneration.  The herb layer is comprised predominantly of light 
demanding exotic species; the two most common being Hieracium pilosella (2%3) 
and Hieracium praealtum (2%3).  Muehlenbeckia complexa (8%3) and Parsonsia 
capsularis (2%2) are common lianes.  This community has a poorly developed litter 
layer (49%) and very high rock cover (89%) – in many instances there is no litter 
visible or detectable to approximately 50 cm depth due to the extensive rock cover.  
The soils are only mildly acidic (6.3%) and the level of plant available P is relatively 
high (21.1 mg·L-1).  Species diversity is intermediate between classes one to three and 
classes four, six and seven (2.1), although the average number of species per plot is 
low (14). 
 
 
                                                 
1 >3 m height 
2 0.5 – 3 m height 
3 <0.5 m height 
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6) Podocarpus cunninghamii – (Coprosma propinqua) treeland 
This community occurs on moderately steep (33º) hill slopes at a lower altitude to the 
other classes (750 m).  Annual soil water deficits are high (87 mm·yr-1) and the 
minimum winter temperature is cold (-3.0ºC).  The canopy, which is made exclusively 
of Podocarpus cunninghamii, is patchy (46%2) and low (5 m); however, where it does 
close it can be dense, shading out the shrub and herb layers and forming a Podocarpus 
cunninghamii monoculture.  Outside of the dense canopy areas Podocarpus 
cunninghamii has a scattered presence, allowing shrubs to proliferate.  Common 
species include Coprosma propinqua (16%2), Discaria toumatou (11%2), Podocarpus 
nivalis (7%3), Aristotelia fruticosa (5%2) and Corokia cotoneaster (5%2); the exotic 
Rosa rubiginosa (5%2) is also common.  The ground layer is comprised mainly of 
sprawling Podocarpus cunninghamii foliage (29%3).  The most common herbaceous 
species are light demanding, and include the native grass Festuca novae-zelandiae 
(7%3) as well as the exotics Hieracium pilosella (9%3), Hieracium praealtum (4%3), 
Hieracium lepidulum (3%3) and Holcus mollis (3%3).  Rubus schmidelioides (4%2), 
Muehlenbeckia complexa (3%2) are the most common lianes.  The litter layer is sparse 
(38%) and rock cover is high (61%).  The soils are acidic (5.6 pH) with relatively high 
levels of plant available P (21.0 mg·L-1).  Vascular plant species diversity of this 
community is the lowest of the seven types (1.9) and it has an average of 16 species 
per plot.   
1 2 3  
7) Kunzea ericoides – Podocarpus cunninghamii scrubland 
This scrubland community occurs on relatively shallow slopes (27º) in areas of high 
annual soil moisture deficit (96 mm·yr-1).  The mean annual temperature is low 
(7.6ºC) and the winter minimum is very cold (-3.6ºC).  The canopy is short (2.5 m), is 
relatively contiguous (61%) and is dominated by Kunzea ericoides (47%2) and 
Podocarpus cunninghamii (26%2).  The shrub layer is relatively poor, with Coprosma 
propinqua (6%2), Gaultheria antipoda (4%2), Discaria toumatou (3%2), Corokia 
cotoneaster (3%2) and Melicytus alpinus (4%3) being the most common species; the 
exotic Rosa rubiginosa (1%2) is also present.  The ground layer is a mix of woody and 
herbaceous species.  Kunzea ericoides (36%3) and Podocarpus cunninghamii (18%3) 
                                                 
1 >3 m height 
2 0.5 – 3 m height 
3 <0.5 m height 
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are the most common woody species, while light demanding species such as 
Hieracium lepidulum (21%3), Holcus mollis (4%3), Dactylis glomerata (2%3), 
Agrostis capillaris (2%3) and the native Poa colensoi (3%3) are the most common 
herbaceous species.  Rubus schmidelioides is the most common liane (0.4%2), though 
it is far from abundant.  The litter layer is sparse (40%) and bare ground (9%) and 
rock are common (56%).  Vascular plant species diversity is low (1.9) and the average 
number of species per plot is 14. 
1 2 3  
3.3.2.2 Ordination 
In total, 11 of the 13 environmental variables recorded showed significant (p<0.05) 
correlations with PCA axes one and two (Table 3.8).  Annual soil water deficit, mean 
minimum winter temperature, soil pH and soil P accounted for the majority of the 
variation in the floristic data on PCA axis one.  Mean annual temperature, soil C and 
soil N accounted for most of the floristic variation on PCA axis two.  The relationship 
of sites, plots and species with the environmental variables is shown in the RDA 
ordination plots (Figure 3.3, 3.4 and 3.5).  In total, RDA axes one and two account for 
57.9% of the variation in the data. 
 
 
                                                 
1 >3 m height 
2 0.5 – 3 m height 
3 <0.5 m height 
Table 3.8 – Pearson’s product-moment correlation coefficients 
calculated between each of the environmental variables and 
PCA axes 1 and 2.  * indicates variables retained for RDA. 
Correlation coefficients Environmental variable 
PCA 1 PCA 2 
Slope (°) -0.15 0.16 
Aspect (°)* 0.25 -0.26 
Altitude (m)* -0.31 -0.11 
Water deficit (mm)* 0.69 -0.46 
Vapour pressure deficit (kPa)* -0.06 0.21 
Mean temperature (°C)* -0.03 0.36 
Minimum temperature (°C)* -0.61 0.54 
Solar radiation (MJ·m-2·d-1) -0.13 -0.08 
pH* 0.53 0.39 
Total C (%)* -0.01 0.28 
Total N (%)* 0.06 0.42 
C:N ratio* -0.39 -0.38 
Olsen P (mg·L-1)* 0.63 -0.23 
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Pearson’s product-moment tests of RDA axes one and two with PCA axes one and 
two shows that they are highly correlated (RDA1 vs PCA1 = -0.999; RDA2 vs PCA2 
= 0.915).  Linear regressions of the RDA plot scores against the environmental 
variables shows that RDA axis one has a significant relationship with aspect, altitude, 
soil water deficit, winter minimum temperature, soil pH, C:N ratio and soil P; RDA 
axis two has a significant relationship with altitude, soil water deficit, mean annual 
temperature, winter minimum temperature, soil pH, total C, total N, C:N ratio and soil 
P (Table 3.9).  Annual vapour pressure deficit has no significant relationship with 
either axis.  The RDA ordination biplots (Figures 3.3, 3.4 and 3.5) can therefore be 
interpreted along axis one as separating sites based more on climatic factors while 
axis two separates sites based more on soil fertility. 
 
Two main site groupings, separated along axis one, can be discerned from Figure 3.3.  
Five sub-site groupings can then be identified within the two main groups.  The sub-
site groupings separate along axis two and show a gradient of floristic turnover within 
the two main groups.  A description of each group follows. 
 
 
 
 
Table 3.9 – Linear regression results of RDA axes 1 and 2 plot scores against each 
of the environmental variables.  * indicates significant relationship. 
RDA 1 RDA 2 Environmental variable 
t - value p - value t - value p - value 
Aspect (°) 3.77 <0.001 * 1.31 0.19 
Altitude (m) 3.61 <0.001 * 2.02 0.046 * 
Water deficit (mm) 11.19 <0.001 * 6.16 <0.001 * 
Vapour pressure deficit (kPa) 0.70 0.48 1.12 0.27 
Mean temperature (°C) 0.54 0.59 4.75 <0.001 * 
Minimum temperature (°C) 9.10 <0.001 * 7.00 <0.001 * 
pH 7.17 <0.001 * 4.22 <0.001 * 
Total C (%) 0.18 0.86 4.08 <0.001 * 
Total N (%) 0.63 0.53 6.25 <0.001 * 
C:N ratio 4.77 <0.001 * 4.99 <0.001 * 
Olsen P (mg·L-1) 9.63 <0.001 * 3.82 <0.001 * 
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1) Group 1, formed by Mt Cook National Park, Upper Hapuku, Upper 
Lawrence and Mt Dobson, has very low to no soil moisture deficits.  It is 
characterised by species such as Griselinia littoralis, Phyllocladus alpinus, 
Pseudopanax colensoi var. ternatus and Polystichum vestitum.  
 
a. Sub-group 1a is formed predominantly by sites Mt Cook National 
Park and Upper Hapuku, which are marked by high C:N ratios and 
by occurring at higher altitudes.  They have strongly acidic soils, 
low winter minimum temperatures and low levels of soil P.  
Species closely associated with these sites include Phyllocladus 
alpinus, Pseudopanax colensoi var. ternatus, Coprosma linariifolia 
and Polystichum vestitum; Hebe traversii is common at Upper 
Hapuku.  Sub-group 1a is an agglomeration of classes one and two 
of the TWINSPAN classification analysis. 
 
b. Sub-group 1b is formed predominantly by sites Upper Lawrence 
and Mt Dobson.  They are marked by low levels of soil P.  Winter 
minimum temperatures are low, but higher than that of sub-group 
1a.  Common species are very similar those listed for sub-group 1a, 
except that Griselinia littoralis is the main canopy species.  Sub-
group 1b is analogous to class three of the classification. 
 
2) Group 2 is formed by Birdwood Station, Dogs Range, Godley Peaks, 
Lindis, Longslip Station, Mt Ben Ohau, Pisa Range and Tone River.  
Together they represent the dryland sites.  Exotic species are common in 
this grouping, including Hieracium spp. and Rosa rubiginosa. 
 
a. Pisa Range, which forms sub-group 2a, appears as an outlier in the 
dataset.  The canopy is dominated by Kunzea ericoides and 
Hieracium lepidulum abounds in the herb layer.  This sub-group is 
marked by having a high level of Olsen P, as well as a low 
minimum temperature and very high soil moisture deficit.  Sub-
group 2a is analogous to class seven of the classification. 
 
  79
-0.5 0.0 0.5
-0
.5
0.
0
0.
5
1.
0
RDA1 (42.2%)
R
D
A
2 
(1
5.
7%
)
BS
MD
DR
GP
UH
LI
LS
MC
MB
PR
TR
UL
Group 1a
Group 1b
Group 2a
Group 2b
Group 2c
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 – RDA ordination biplot of sites/plots.  The main site groups are circled in 
red.  The labelled sub-groups are circled in blue.  The total variance explained by each 
axis is shown in parentheses. 
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Figure 3.4 – RDA ordination biplot of environmental variables.  The total variance 
explained by each axis is shown in parentheses. 
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Figure 3.5 – RDA ordination biplot of species.  For greater clarity, only the outermost 
species are shown.  Species codes follow the NVS codes (Appendix 2).  The total 
variance explained by each axis is shown in parentheses. 
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b. Sub-group 2b is made up predominantly by sites Longslip and 
Tone River.  Birdwood Station and Lindis are closely related but 
intergrade with sub-group 2c.  Sub-group 2b has very high soil 
moisture deficits, high soil P and very low winter minimum 
temperatures.  Closely associated species include Phyllocladus 
alpinus, Ribes uva-crispa, Pittosporum tenuifolium and Hieracium 
lepidulum; Hebe traversii is common at Tone River.  Sub-group 2b 
is analogous to class four of the classification. 
 
c. Dogs Range, Godley Peaks and Mt Ben Ohau together form the 
basis of sub-group 2c.  Birdwood Station and Lindis are closely 
related but intergrade with sub-group 2b; the TWINSPAN 
classification separates Birdwood Station and Lindis as forming 
their own class (class six).  Compared with the sub-groups 
described above, they have intermediate annual soil moisture 
deficits and mean minimum temperatures.  Shrubland species find 
close association with these sites, especially Corokia cotoneaster, 
Melicytus alpinus and Hebe subalpina.  Exotic species are also 
common, including light-demanding species such as Rosa 
rubiginosa and Hieracium pilosella.  Sub-group 2c is analogous to 
class five. 
 
 
3.3.3 Population dynamics 
3.3.3.1 Size-age relationship 
Percent age underestimates and the error associated with tree age estimates using dbh 
were calculated from the three sites where three cores were extracted from each of ten 
trees.  The percentage underestimates of age associated with individual tree cores is 
shown in Table 3.10; it should be noted that although the standard error decreases 
dramatically in the largest size class, it is based on just two samples.  The age errors 
associated with dbh are shown in Figure 3.6; error increases with dbh. 
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Table 3.10 – Percent age underestimates associated with individual tree cores; 
calculated using three cores from each of ten trees from three sites. 
DBH class (cm) Mean underestimate (%) Standard error (%) 
5-10 (n = 11 trees) 26.32 3.19 
10-20 (n = 11) 20.39 3.43 
20-30 (n = 6) 22.84 6.52 
30-50 (n = 2) 13.24 0.40 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 – Mean age and errors by dbh.  The BS, MB and MC data points show the 
ages of the oldest of the three cores per tree.  The mean data points show the average 
age of a core within 5-10, 10-20, 20-30 and 30-50 cm dbh classes.  Bars show ± 1 s.e. 
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Figure 3.7 – Dbh-age relationships of Podocarpus cunninghamii at the six study sites.  
Dotted lines show 95% confidence intervals. 
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Figure 3.8 – Height-age relationships of Podocarpus cunninghamii at the six study 
sites.  Dotted lines show 95% confidence intervals. 
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3.3.3.2 Size class distributions 
The size class distributions of the different sites are shown in Figure 3.9.  The 
Birdwood Station and Mt Ben Ohau sites are populated predominantly with smaller 
individuals (<20 cm dbh).  The populations at Mt Dobson, Upper Lawrence and Mt 
Cook National Park all have high numbers of saplings present within a mixed sized 
stand, giving a reverse-J distribution and indicating continuous regeneration to replace 
canopy trees when such opportunity arises.  The population at Upper Hapuku seems 
to have experienced a distinct episode of regeneration sometime in the past, giving a 
unimodal distribution peaking in the 20-40 cm size class; there is very little evidence 
of ongoing recruitment.  The size class distribution at Mt Cook National Park is 
similar to that of Mt Dobson, other than it has a greater abundance of seedlings.  The 
current stem density of this population is very low, and the distribution suggests that 
Podocarpus cunninghamii may be developing a higher stocking rate here. 
 
3.3.3.3 Age class distributions 
The age class distributions of the different sites are shown in Figure 3.10.  The 
distributions show marked resemblance to the size class distributions (Figure 3.9), 
supporting the earlier suggestion that dbh is a reasonable indicator of Podocarpus 
cunninghamii age.  The vast majority of trees at sites Birdwood Station and Mt Ben 
Ohau are less than 100 years old.  The distributions of Mt Cook National Park and Mt 
Dobson are again very similar, with a reverse-J distribution apparent and most 
individuals being approximately 50-150 years of age.  Mt Dobson differs however, as 
it has numerous individuals with ages well over 200 years.  Upper Lawrence shows a 
bimodal age distribution, with numerous trees present within most age classes, but the 
majority being either saplings or over 350 years old.  Upper Hapuku also provides a 
bimodal distribution, with the majority of trees within the ages of 50-150 years and 
the remainder over 350 years; there is very little evidence of regeneration.   
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3.3.3.4 Classification 
Four classes were identified from UPGMA hierarchical agglomerative cluster analysis 
of the age class distributions (Figure 3.11).  These clustered sites Birdwood Station 
and Mt Ben Ohau together, Mt Dobson and Mt Cook National Park together, and 
retained Upper Hapuku and Upper Lawrence as separate classes.  These classes 
highlight the difference in distributions between the sites, with trees at Birdwood 
Station and Mt Ben Ohau predominantly being in the younger age classes; Mt Dobson 
and Mt Cook National Park both showing a reverse-J distribution; Upper Lawrence 
showing continuous regeneration; and Upper Hapuku showing a lack of regeneration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 – Four class dendrogram, based on Podocarpus cunninghamii age class 
distributions, derived from UPGMA cluster analysis. 
 
3.4 Discussion 
3.4.1 Current species distributions and community structure 
It is clear from the results that the current distribution of species is strongly affected 
by environmental gradients.  The different sites across the high country show major 
differences in the species present.  Annual soil moisture deficit, mean annual 
temperatures, aspect, altitude and soil fertility all have a significant influence on these 
patterns.  
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Certain species that abound in the wetter parts of the high country either do not occur 
or have greatly reduced abundances in the drier locations.  In wetter regions, forests 
develop in which Podocarpus cunninghamii emerges above canopy forming species 
such as Griselinia littoralis, Phyllocladus alpinus, Pseudopanax crassifolius, 
Pseudopanax colensoi var. ternatus and Coprosma linariifolia.  The shrub layer of 
these forests is dominated by shade tolerant species; Myrsine divaricata, Coprosma 
dumosa and Hebe traversii are good examples.  Many regenerating specimens of 
species present in the canopy are also present.  The herb layer provides habitat for 
shade tolerant species such as Polystichum vestitum, Blechnum montanum and 
Lagenifera strangulata.   
 
In the drier regions, the communities develop a more open woodland or scrubland 
structure.  The patchy nature of the canopy allows increased levels of solar radiation 
to reach the ground, thereby providing suitable habitat for light demanding species.  
Podocarpus cunninghamii remains the tallest component of the dryland communities 
and in places is able to form a closed canopy.  More commonly however, it develops 
an intergrading patchwork distribution with numerous tree and shrub species.  Species 
such as Hoheria lyallii, Coprosma propinqua, Corokia cotoneaster, Aristotelia 
fruticosa and Hebe subalpina are the most common of the native species, while Rosa 
rubiginosa and, to a lesser extent, Ribes uva-crispa are commonly occurring exotics.  
Melicytus alpinus is also common at higher altitudes or with increasing canopy 
openness.  The herb layer too differs markedly to that of the wetter regions; species 
such as Hieracium pilosella, Hieracium praealtum, Festuca novae-zelandiae and 
Rumex acetosella, which are absent from the wet forests, are here plentiful; these 
species are light demanding, and the open nature of the canopy at these sites no doubt 
favours their success. 
 
The distribution of certain species, such as Griselinia littoralis and Pseudopanax 
colensoi var. ternatus, which are typically abundant in the wetter sites and often 
absent from the drier sites, is not an indication that these species cannot tolerate high 
soil moisture deficits, or that they were not there historically.  Seedlings, saplings and 
mature individuals of these species can be found at the driest sites.  For example, 
Griselinia littoralis is found at Mt Ben Ohau and is also present on the low-rainfall 
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Hawkdun Range (D.A. Norton, pers. comm.).  Griselinia littoralis is also known to be 
able to tolerate high levels of root zone and atmospheric water deficits (Leathwick and 
Whitehead, 2001).  Similarly, Pseudopanax colensoi var. ternatus is present at Tone 
River, which is the site recorded as having the greatest annual soil water deficit (Table 
3.3).  As such, these species are considered to be cosmopolitan and their current 
disjunct distribution may simply be an artefact of anthropogenic disturbance.  Early 
Polynesian and European fires deforested large swathes of the high country, leaving 
behind isolated fragments of woody vegetation within a highly modified environment 
(McGlone, 1989, McGlone, 2001).  Those fragments that remain are unlikely to be 
representative of the pre-human flora due to their small size and highly degraded 
nature, as well as the fact that they typically exist within specific fire refuges, such as 
steep gullies and rocky outcrops (Walker et al., 2004b).   
 
The loss of woody cover across the high country due to fire seems the most likely 
reason for the absence of cosmopolitan species in the dryland remnants.  Any species 
that did manage to survive these fires would have had a greatly reduced abundance.  
In such cases, mammalian herbivory after fire clearance may have exacerbated the 
loss of any remaining palatable species.  Certainly, it has been said that the native 
woody species that remain in the drylands are likely the most fire tolerant and 
unpalatable members of the original flora (Standish et al., 2009).  Many of New 
Zealand’s native woody species have evolved little defence to mammalian herbivory 
due to the absence of terrestrial mammalian herbivores on the archipelago prior to the 
arrival of humans, and can therefore suffer greatly in terms of growth and 
reproduction when subject to even moderate levels of grazing (Lee, 1998).  
Furthermore, Pseudopanax colensoi and Griselinia littoralis are known to be highly 
palatable to introduced ungulates (Forsyth et al., 2002, Husheer, 2007, Pollock et al., 
2007).  All of the dryland sites studied are situated either within active grazing 
landscapes (cattle and sheep) or on land retired from grazing and now within the 
public conservation estate.  Although the sites within the public conservation estate 
are no longer subject to livestock grazing, they are still accessible to feral ungulates, 
including deer, chamois and thar, as well as other herbivores such as hares, rabbits, 
possums and wallabies (Standish et al., 2009).  Therefore, it is possible that these 
palatable species, assuming they had survived the early fires, could have then been 
gradually lost over time on sites accessible to livestock and feral herbivores.  
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The observed differences in the distributions of certain other species, however, are not 
considered to be an artefact of human disturbance.  Woody species such as 
Brachyglottis buchananii, Coprosma pseudocuneata, Coprosma rugosa and 
Coprosma serrulata; herbaceous species such as Astelia petriei, Lagenifera 
strangulata, Nematoceras trilobum and Pterostylis australis; and ferns such as 
Asplenium flaccidium, Hymenophyllum villosum and Pyrrosia eleagnifolia; all of 
which were only recorded in plots with minimal soil moisture deficit, are species 
intolerant of severe water deficits and are therefore confined to sites closer to the 
Main Divide, or to the coast, in the case of the Seaward Kaikoura Range, where 
rainfall is higher and soil moisture deficits lower. 
  
In addition to the distribution of indigenous species, the sites show great disparity in 
their numbers of exotic species.  The drier sites all have significantly greater numbers 
of exotic species compared with the wetter sites, showing that they are more 
degraded.  Although the mean number of species per plot shows no real pattern with 
soil moisture deficit, the mean number of exotic species per plot does (Table 3.4).  
When this is taken into account, it is clear that the reason for the similarity in total 
species numbers between wet and dry sites is due to the high number of exotic species 
in the drier sites.  Species diversity and species richness within the dryland sites 
would be greatly reduced without the presence of exotic species.  Elevated species 
diversity is often a feature of highly fragmented small communities as a result of 
species invasions from the surrounding landscape (Cook et al., 2002, Ewers and 
Didham, 2006).  Species such as Hieracium lepidulum, Hieracium pilosella, 
Hieracium praealtum, Rumex acetosella, Ribes uva-crispa and Rosa rubiginosa are 
all common, and in some cases dominant, amongst the flora of the dryland sites.  The 
interstitial physiognomy of the dryland vegetation, combined with their history of 
greater anthropogenic disturbance in comparison with the wetter sites, due in part to 
their dryness, makes them more susceptible to invasion by light demanding exotic 
species such as Hieracium (Rose et al., 1998).  The forests found in the wetter sites 
have greater resistance to invasion by these exotic species as their canopies are more 
intact, with low levels of solar radiation reaching the ground.  The only commonly 
occurring exotic species within the wetter sites is Mycelis muralis, though Hieracium 
lepidulum and Digitalis purpurea can be common at forest edges. 
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3.4.2 Population dynamics 
The extent to which individual tree cores underestimate the minimum age of 
Podocarpus cunninghamii trees was higher than expected but reasonably consistent 
for each age class.  In addition, the errors associated with age estimates per dbh size 
class were relatively low, with age estimates of ± 7 years for those in the 5-10 cm dbh 
class, increasing to approximately ± 15 years in the 20-30 cm size class (Table 3.10).  
Given that these errors were pooled from the three different sites, the data suggests 
relative uniformity in the error rate across the high country.  Therefore, despite an 
increment core providing a 20-25% underestimate of the minimum age of an 
individual tree, the level of error is consistent across the environments sampled. 
 
In light of this, and in conjunction with the linear regression analyses, diameter at 
breast height does appear to provide a reasonable approximation of age.  However, 
while on average the standard error of an age estimate may be at most only ± 15 
years, it is clear from Figures 3.7 and 3.8 that as dbh increases, age estimates become 
increasingly inaccurate.  This combined with the very low sample sizes of trees in the 
larger dbh classes means confidence has an inverse relationship with dbh.  Height, 
while having a significant relationship with age, does not provide consistent 
approximation of tree age and therefore should not be used.  It should also be 
remembered that the age estimates presented here do not take into account the time it 
takes for Podocarpus cunninghamii to reach coring height; thus, the true age of each 
sampled tree is even greater than the age underestimates calculated.    
 
The age and size class distributions of Birdwood Station and Mt Ben Ohau, which 
were clustered together in the classification analysis (Figure 3.11), suggest that the 
stands are relatively young, being, at a minimum underestimate, between 50 and 100 
years old.  This may be evidence that Podocarpus cunninghamii is recolonising these 
sites after an historic disturbance event.  Bearing in mind that all the age estimates 
underestimates, this disturbance event may have occurred over 100-150 years ago.  
Furthermore, both these sites have high stem densities (Table 3.2), in particular 
Birdwood Station (1000 stems·ha-1).  This also suggests that these are relatively 
young stands that will eventually thin to a stem density more or less similar to the 
other sites (approx. 250 stems·ha-1).   
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The age and size class distributions of Mt Dobson and Mt Cook National Park are 
similar to one another (Figure 3.11), apart from Mt Dobson having a lower number of 
seedlings and a greater number of trees in the older and larger classes.  The age-class 
distributions of both indicate that the bulk of the current stands colonised the site after 
a disturbance event; as an underestimate, this may have occurred between 50 and 200 
years ago.  The distributions of Upper Lawrence show a mixed forest of all different 
age and size classes.  It would appear that within forest disturbance occurs every 100-
200 years which allows pulses of Podocarpus cunninghamii regeneration.  This gives 
the forest numerous small stands that differ in age from one another but are each 
comprised of similarly aged trees.  In addition to this, the presence of large numbers 
of saplings is similar to Mt Dobson and Mt Cook National Park, in that within the 
period of larger scale disturbances, which allows recruitment of large numbers of 
similarly aged Podocarpus cunninghamii trees, Podocarpus cunninghamii is able to 
continuously regenerate within the closed canopy of the forest.  However, while this 
regeneration can develop to the sapling stage, in the absence of a small scale 
disturbance event, e.g. the death of an existing canopy tree that forms a canopy gap, 
these saplings are unable to attain canopy status.  This process is very similar to that 
described for Podocarpus cunninghamii in the North Island (Smale and Kimberley, 
1993, Smale and Smale, 2003), and by Veblen & Stewart (1982) elsewhere on the 
South Island, and suggests that Podocarpus cunninghamii stand dynamics are similar 
across the wide range of environments in which it grows.   
 
The situation at Upper Hapuku contrasts markedly with the other sites.  Based on the 
age underestimates, it appears that large scale recruitment of Podocarpus 
cunninghamii trees occurred sometime over 300 years ago, with several remnant trees 
still present, and again more recently, between 50 and 250 years ago, peaking at 
approximately 100-150 years ago.  This has resulted in a Podocarpus cunninghamii 
stand that has relatively low size class diversity and is relatively even-aged.  There are 
very few seedlings or sapling present in the understorey, showing that continuous 
regeneration is not occurring.  This might suggest that the forest is developing 
towards over-maturity, and that Podocarpus cunninghamii, being unable to 
regenerate, will eventually disappear from the emergent layer and be replaced as the 
canopy dominant by Griselinia littoralis and Pseudopanax crassifolius, which were 
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the most common angiosperm species (Holloway, 1954).  However, in other parts of 
the forest, Podocarpus cunninghamii did form dense young stands, thereby 
demonstrating its ability to regenerate within this environment (pers. obs.).  The 
landscape here is very active, as it is tectonically unstable and receives some of the 
highest rainfall intensities of eastern South Island (Wardle, 1971); the remains of 
recent landslips, both massive and small, are common.  It would therefore appear that 
Podocarpus cunninghamii in the Upper Hapuku has undergone catastrophic 
regeneration, forming extensive areas of near even-aged stands following massive 
recruitment after large scale disturbance.  Given that Podocarpus cunninghamii 
appears to undergo continuous regeneration at other sites in the high country, the 
absence or very limited nature of regeneration beneath an established canopy at this 
site is puzzling, especially when dense clumps of regeneration were observed in other 
parts of the forest.  Light levels, though not quantified at any of the study sites, 
showed no obvious difference to those of the similar mixed forests at Mt Dobson, Mt 
Cook National Park or Upper Lawrence.  Trampling pressure from introduced 
ungulates may have reduced seedling numbers, as large numbers are known to be 
present here (Wardle, 1971), and widespread browsing of angiosperm tree species was 
common throughout.  Possums were also seen here, and may be having a suppressive 
effect on Podocarpus cunninghamii regeneration (Nugent et al., 1997, Nugent et al., 
2001).  However, despite these possibilities, it seems unlikely that possum browse and 
ungulate trampling would eradicate Podocarpus cunninghamii regeneration over a 
large forest area, especially as large scale regeneration is taking place.  The absence of 
regeneration beneath mature Podocarpus cunninghamii may therefore be a reflection 
of a different regeneration strategy in this area, given that it is so prone to large scale 
disturbance. 
 
A diversity of regeneration strategies is common amongst the New Zealand conifers 
(Ogden and Stewart, 1995).  For example, the Dacrydium cupressinum forests of the 
West Coast are known to develop a mosaic structure comprised of groups of even-
aged stands, with each stand considered to have arisen from a catastrophic disturbance 
event (Ogden and Stewart, 1995, and references therein).  Within the older stands, 
patches of even-aged younger trees can often be found, and these arise through gap-
phase regeneration when older trees die.  It would similarly appear to be the case with 
Podocarpus cunninghamii.  Where large scale catastrophic disturbance takes place, 
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Podocarpus cunninghamii rapidly colonises a site and forms an even-aged canopy or 
emergent layer.  Further Podocarpus cunninghamii regeneration can occur through 
canopy disturbance arising from single or multiple tree fall (gap-phase regeneration) 
(Smale and Kimberley, 1993, Smale and Smale, 2003), leading to the development of 
mixed-age stands.  In addition, Podocarpus cunninghamii is relatively shade tolerant 
in comparison to New Zealand’s other podocarp species (Bergin, 2003, Kunstler et 
al., 2009), and its seedlings and saplings are able to develop in the understorey, 
enabling the species to continuously produce potential canopy replacements within a 
mature forest.  As individuals or groups of canopy trees begin to senesce, small scale 
gap-phase regeneration becomes more important as increased light levels allow these 
saplings to attain canopy status.  In the absence of canopy disturbance, these saplings 
will remain suppressed or die.  Given the relative youth of the sampled dryland 
stands, it remains unknown whether these same dynamics would take place in mature 
dryland communities.       
 
3.4.3 Implications for restoration 
The stands of Podocarpus cunninghamii forests in the wetter regions of the high 
country appear relatively intact.  The stands can be extensive and they have a very 
low frequency of exotic species.  Mammalian herbivores are present within these 
stands and evidence of herbivory is present in all.  However, with the exception of 
Upper Hapuku, all the stands show evidence of plentiful Podocarpus cunninghamii 
and canopy species regeneration, which suggests that processes fundamental for forest 
survival are being maintained.  As such, these stands provide a clear species template 
for the ecological restoration of Podocarpus cunninghamii forest within the wetter 
regions of the high country close to the Main Divide.  The stand at Upper Hapuku 
appears subject to more large scale disturbance regimes than Upper Lawrence, Mt 
Cook National Park and Mt Dobson, and resultantly Podocarpus cunninghamii may 
undergo an alternative regeneration strategy here, thus explaining the lack of its own 
regeneration beneath mature specimens and its concentration within whole 
regenerating stands.  That being said, evidence of herbivore damage to palatable 
angiosperm species is plentiful, and may well be inhibiting the regeneration of 
Griselinia littoralis, Pseudopanax colensoi var. ternatus and Pseudopanax 
crassifolius, which are present but do not form a contiguous canopy beneath 
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Podocarpus cunninghamii, as occurs in the other wet sites.  Despite this, the 
difference in Podocarpus cunninghamii regeneration dynamics between Upper 
Hapuku and the other wet forest sites highlights the need for restoration to incorporate 
and allow disturbance processes within stands to maintain Podocarpus cunninghamii 
population structures.   
 
The stands in the drylands do not offer the same guidance as those in the wetter 
regions.  These stands are small, highly degraded and unlikely to be representative of 
the pre-human vegetation cover.  In general terms, it seems likely that the pre-human 
dryland landscape, below the alpine zone, would have supported a low forest 
community, with emergent Podocarpus cunninghamii trees between 5-10 m in height, 
intergrading into a scrubland community with increasing soil moisture deficit.  With 
regard to the low forest community, species such as Griselinia littoralis, Hoheria 
lyalli, Pseudopanax crassifolius, Pseudopanax colensoi var. ternatus, Phyllocladus 
alpinus, Pittosporum tenuifolium and Coprosma linariifolia are likely to have been 
the main canopy species, though whether the canopy would have been closed is 
arguably unlikely.  Additional species such as Sophora microphylla and Carpodetus 
serratus may also have been important (Walker et al., 2004a).  Beneath this numerous 
shrubs would have been present, such as Myrsine divaricata and Coprosma dumosa.  
As the forest community thinned to scrubland, with increasing soil moisture deficit, 
the canopy would have become more open, with species such as Corokia cotoneaster, 
Aristotelia fruticosa, Coprosma propinqua, Coprosma rigida and Hebe subalpina 
becoming more prevalent and the canopy species listed above decreasing in both 
stature and abundance.  Species of Dracophyllum and Gaultheria, and Podocarpus 
nivalis would have become more important at higher altitudes where the canopy 
thinned further.  Ferns were probably the most abundant form of ground flora, with 
species of Polystichum, Asplenium and Blechnum common.  For a full species list of 
each of the classes as well as a guide to individual species abundances, see Appendix 
1.   
 
Within the drylands, many of the species listed above are currently either absent or 
present in extremely low numbers.  As such, simply setting land aside for 
conservation will not lead to its automatic reversion to a Podocarpus cunninghamii 
vegetation community.  Active introduction of many species will be necessary.  Given 
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that feral herbivores are present throughout the high country, and the fact that 
mammalian herbivory can lead to a dramatic decline in palatable New Zealand woody 
species (Forsyth et al., 2002, Grüner and Norton, 2006, Husheer, 2007, Pollock et al., 
2007), thereby causing shifts in community composition and structure (Walker et al., 
2009), it is likely that some form of herbivore exclusion will be necessary to ensure 
the successful restoration of palatable species, e.g. Griselinia littoralis and 
Pseudopanax.   This is the same for any restoration that takes place within active 
grazing landscapes, where stock trampling would also limit restoration success. 
 
In light of the regime shifts that have occurred in the drylands since human arrival, it 
is unlikely that any attempts at restoration will be successful without accepting some 
component of exotic species also being present (Walker et al., 2009).  The woody 
species Rosa rubiginosa and Ribes uva-crispa, as well as the herbaceous species 
Hieracium lepidulum, Hieracium pilosella, Hieracium praealtum, Mycelis muralis 
and Rumex acetosella are all likely to be prominent components of any restored 
community.  Rosa rubiginosa and Ribes uva-crispa are likely to be particularly 
common and persistent in any restoration attempts, given the scattered and open 
nature of Podocarpus cunninghamii stands in the drylands.  The herbaceous species 
listed are for the most part light-demanding.  As such, their presence early on in 
restoration is likely to be certain; however, if a dense shrub component of the 
community can be successfully restored it will eventually shade-out these species and 
thereby reduce their abundance.   
 
The different vegetation classes identified can be used as an indicator of community 
degradation, and therefore inform on priorities for restoration.  Within the drylands, 
any Podocarpus cunninghamii vegetation community falling within class six 
(Podocarpus cunninghamii – (Coprosma propinqua) treeland) should be considered 
as highly degraded.  This community has lost much of its diversity, having the lowest 
Shannon diversity score of all the classes (1.90; Table 3.4), and with much of this 
value comprised by exotic species.  It also has a very sparse shrub component, giving 
it the title of ‘treeland’.  On the other hand classes four, five and seven, while still 
being highly degraded, offer more intact examples of Podocarpus cunninghamii 
vegetation communities; as such, working within the constraint of finite resources, 
they may offer better opportunities for ecological restoration. 
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4 Arbuscular mycorrhizae and forest restoration on 
ex-agricultural land 
 
4.1 Introduction 
Agricultural systems (croplands and pastures) cover approximately 40% of the Earth’s 
land surface (Foley et al., 2005).  The creation of agricultural systems often leads to 
the destruction of existing ecosystems, and as such agricultural expansion has and 
continues to be a major driver of global deforestation (Foley et al., 2005, Verchot, 
2010).  While the conversion of forest to agriculture is continuing apace in the tropics, 
there is also a global trend of increasing agricultural abandonment (Cramer et al., 
2008).  The abandonment of agricultural land can allow the return of pre-agricultural 
flora over extensive areas, which can have positive outcomes for the conservation of 
indigenous biodiversity (Bowen et al., 2007).  However, agricultural practices leave 
legacies through altered hydrology, fertilisation and tillage, which can prevent the 
return of desirable native vegetation and allow a degraded community dominated by 
exotic species to persist into the long term (Cramer et al., 2008).  Under such 
circumstances active ecological restoration is necessary, and therefore an 
understanding of the processes that affect plant community restoration on abandoned 
agricultural land is of great importance (Cramer et al., 2008). 
 
The conversion of forest to agriculture can have large impacts on the soil microbial 
community by causing alterations in community composition and a reduction in 
overall microbial biomass (Verchot, 2010).  The soil microbial community is of 
fundamental importance to key ecosystem processes such as nutrient cycling, soil 
development and structure, and plant-soil interactions (Harris, 2009, van der Heijden 
et al., 2008), and thus any changes to the microbial community can have profound 
effects on biogeochemical processes (Matson et al., 1997).  In light of this, the overall 
5">613</key></foreign-keys><ref-type name="Journal Article">17y to depend very 
heavily on addressing any changes in the microbial community that may have arisen 
as a result of forest conversion to agriculture and subsequent agricultural practices.   
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Mycorrhizal fungi are a particularly important component of the microbial 
community, due to their influence on plant community structure and diversity (Grime 
et al., 1987, van der Heijden et al., 2008, van der Heijden et al., 1998b, Wardle et al., 
2004).  Of the mycorrhizae, the arbuscular mycorrhizal fungi (AMF) are by far the 
most common, forming symbiotic associations with approximately two-thirds of all 
terrestrial vascular plant species (Smith and Read, 2008).  The AMF communities of 
adjacent agricultural and forest systems has been found to be different (Helgason et 
al., 1998, Uibopuu et al., 2009), but the implications of these differences for forest 
restoration on ex-agricultural sites is not yet known.  Furthermore, interest in the use 
of AMF for ecological restoration has been increasing (Renker et al., 2004), and 
numerous commercially available AMF products are now available.  However, 
commercial AMF isolates are often exotic to the plants and locations where they are 
applied, and the ecological consequences of their introduction is also not yet known 
(Schwartz et al., 2006).   
 
This chapter reviews the literature pertaining to the effects of forest conversion to 
agriculture, and agricultural practices, on AMF communities, as well as the 
implications this has for forest restoration; and as such it serves as an overall 
introduction to the following five chapters (Chapter 5 to 9).  The review is split into 
four sections.  The first introduces AMF and briefly outlines their role in altering plant 
relations with the soil environment through nutrient acquisition, soil aggregation, and 
by providing protection from root pathogens.  The second looks at how AMF 
communities are affected by the conversion of forest to agriculture, by agricultural 
practices, and what implications this may have for forest restoration.  The third 
examines how pre-inoculation of seedlings with different AMF inocula affects tree 
and shrub species restoration on ex-agricultural sites.  The fourth section draws 
conclusions on the potential use of AMF for forest restoration on ex-agricultural sites, 
highlights knowledge gaps, and outlines the structure of the following five chapters. 
 
4.2 Arbuscular mycorrhizal fungi 
Several types of mycorrhizal fungi exist.  The most common are the AMF, ecto-, 
ericoid and orchid mycorrhizal fungi.  By far the most abundant are the AMF, 
forming symbioses with an estimated two-thirds of all terrestrial plant species (Smith 
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and Read, 2008), including angiosperms, gymnosperms and pteridophytes.  Despite 
this near ubiquity there are relatively few described/known species of AMF (approx. 
200) worldwide (www.amf-phylogeny.com).   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 – The phylogeny of the Glomeromycota.  Simplified from Redecker & 
Raab (2006). 
 
AMF are a monophyletic group of fungi comprising the orders Archaeosporales, 
Diversisporales, Glomerales and Paraglomerales that collectively form the phylum 
Glomeromycota (Schüβler et al., 2001; Figure 4.1).  Morphologically, AMF are 
distinguished from other forms of mycorrhizal fungi by the presence of arbuscules, 
and in some cases vesicles.  Arbuscules only develop within the cortical cells of the 
host’s root and are the fungus’ primary functional appendage for nutrient exchange 
with the plant, particularly of phosphate (Jakobsen et al., 2003).  While arbuscules 
penetrate the cell wall of the cortical cells, they do not penetrate the plasma 
membrane.  The arbuscule, formed by a proliferation of dichotomous branches, 
invaginates the plasma membrane and thus creates a vast intracellular exchange 
surface between fungus and plant (Fitter, 1997).  Arbuscules are short-lived 
structures, with an estimated lifespan of between 4-14 days (Alexander et al., 1988).  
Vesicles, the storage organs that can develop both intra- and intercellularly within the 
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host root cortex, occur in approximately 80% of described AMF species while 
arbuscules occur in all (Smith and Read, 2008).   
 
The relationship between AMF and host plant lies along a complex continuum 
ranging from mutualism to antagonism (Johnson et al., 1997, Klironomos, 2003, 
Kiers and van der Heijden, 2006).  Factors affecting the nature of the symbiosis 
include morphological and physiological characteristics of the plant and fungus, as 
well as environmental factors such as the rhizosphere, competition dynamics and 
trophic interactions (Johnson et al., 1997).  To exemplify this, tomato plants 
inoculated with the AMF Glomus intraradices suffered a significant reduction in 
biomass production compared with those inoculated with Gigaspora margarita; shoot 
dry weight of plants treated with Glomus intraradices was also significantly less than 
that of non-mycorrhizal plants (Facelli et al., 2010).  It is therefore important when 
considering the effect that AMF may have on plant growth or survival to not 
oversimplify the situation to simply plus or minus AMF. 
 
In general terms, AMF gain from the symbiosis through the acquisition of plant 
synthesised carbon compounds, which can account for 10-20% of total plant 
photosynthate (Jakobsen et al., 2003, Peng et al., 1993).  It is not fully resolved where 
this carbon exchange takes place, although either the arbuscules or intercellular 
hyphae are the most likely sites (Jakobsen et al., 2003).  In return, the plant receives 
inorganic soil nutrients, primarily phosphorous (P), which can help promote increased 
plant growth, as well as a range of other less well investigated potential benefits, 
including improved water relations and protection from soil borne pathogens (Fitter, 
1991, Smith and Read, 2008).  These are now described in more depth. 
 
4.2.1 Nutrient acquisition 
The importance of AMF for P acquisition was identified early on (e.g. Baylis, 1967, 
Daft and Nicholson, 1969, Daft and Nicholson, 1966, Gerdemann, 1964, Hayman and 
Mosse, 1971, Mosse, 1973, 1959).  This early research demonstrated that the extent of 
root colonisation is dependent upon the concentration of P present in the soil, with an 
inverse relationship apparent, and that when plants were grown in a low P 
environment, those that were mycorrhizal were invariably more vigorous than 
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conspecifics that were not colonised.  Furthermore, the growth responses of non-
fertilised, mycorrhizal conspecific plants were comparable to that of non-mycorrhizal 
plants receiving phosphate fertiliser.  However, the growth responses of non-
inoculated plants to fertiliser with no or very low levels of phosphate did not compare 
well; growth in such plants was greatly reduced, the plants being consistently 
outperformed by mycorrhizal plants grown in unfertilised treatments. 
 
More recent work has demonstrated the ability of AMF to acquire nutrients other than 
inorganic phosphate, such as nitrogen (N) and a range of micronutrient cations.  For 
example, Kothari et al. (1990) found that AMF colonisation led to higher host root 
and shoot concentrations of zinc, and  higher root concentrations of copper.  AMF are 
also known to uptake inorganic soil N and transfer this to the plant, leading to higher 
N levels in plants colonised by AMF compared with those not colonised 
(Govindarajulu et al., 2005, He et al., 2003, Johansen et al., 1992).  There is also 
evidence that AMF can increase the mobilisation of nutrients from organic sources 
(Koide and Kabir, 2000, Hodge et al., 2001). 
 
Many studies investigating AMF acquisition of soil nutrients have manipulated 
individual plants that have been colonised by one or more AMF taxa.  When 
numerous plants grow together, as occurs in nature, the situation is somewhat more 
complex.  AMF are able to colonise an extremely wide range of hosts.  As such not 
only are most of the plants within a community colonised by AMF, but they are also 
interconnected by extraradical AMF hyphae, thus forming common mycorrhizal 
networks (Read, 1998).  Common mycorrhizal networks can allow the transfer of 
nutrients between intra- and inter-specific plants (Grime et al., 1987, He et al., 2003, 
Simard et al., 2003).  Such networks may be of ecological significance, for example 
by assisting the establishment of new seedlings near mature plants, or by facilitating 
the regeneration of a mixed plant community following disturbance (van der Heijden 
and Horton, 2009).   
 
4.2.2 Plant-soil water relations 
Several studies have demonstrated that AMF are able to improve plant soil water 
relations, especially during periods of water stress (Allen and Allen, 1986, Al-Karaki 
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et al., 2004), thus allowing improved plant survival during drought.  However the 
mechanisms by which they do this have proven difficult to elucidate.   
 
Ruiz-Lozano et al. (1995) found that plant water stress tolerance was related to both 
AMF induced physiological changes (e.g. transpiration rates, leaf conductance) in the 
plant and to nutritional status.  Potassium uptake was higher in mycorrhizal plants 
than in controls; potassium is an important solute controlling stomatal activity in 
relation to bulk leaf water status, and as such plant responses to water stress are linked 
to potassium content.  Similarly, Wu & Xia (2006) found that mycorrhizal plants had 
greater ability to adjust their osmotic balance when water stressed compared with 
non-mycorrhizal plants.  Plants inoculated with AMF had higher concentrations of 
organic solutes, such as sugars and non-structural carbohydrates, and inorganic ions, 
such as potassium and calcium.  By transferring these resources to various tissues at 
appropriate times, the plants are able to adjust their water potentials to maintain high 
rates of transpiration and photosynthesis despite low soil moisture values.  This topic 
is reviewed further by Augé (2001). 
 
4.2.3 Soil aggregation and carbon storage 
AMF can also plant an important role in the process of soil aggregation.  Soil 
aggregation is important as it improves the structure of soil, thus affecting water 
storage capacity and aeration, as well as reducing its susceptibility to erosion (Rillig 
and Mummey, 2006).  AMF are able to directly and indirectly influence soil 
aggregation at three scales: 1) at the plant community scale, by influencing plant 
community composition, net primary productivity, litter quality and nutrient cycling; 
2) at the individual host plant root scale, through physical soil entanglement and by 
affecting the deposition of root exudates; and 3) at the fungal mycelium scale, through 
physical entanglement of soil particles and interactions with the soil microbial 
community (Rillig and Mummey, 2006). 
 
AMF also have a potentially large role to play in the process of carbon storage.  As 
already described, plant synthesised carbon compounds are transferred to AMF as part 
of the symbiosis.  These compounds are utilised by AMF for various functions, but 
potentially of high importance is the production of the hyphal cell wall components 
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chitin and glomalin (Driver et al., 2005), a recalcitrant carbohydrate and glycoprotein 
(Wright and Upadhyaya, 1998), respectively.  Despite AMF hyphae having a 
relatively short 5-6 day lifespan (Staddon et al., 2003), their residual chitin and 
glomalin components last much longer, with estimated soil residence times of 40-50 
years (Zhu and Miller, 2003, Steinberg and Rillig, 2003).  Glomalin has also been 
estimated to account for approximately 4-5% of total soil carbon, which is greater 
than the total carbon biomass of the soil microbial community (Zhu and Miller, 2003).  
The accumulation of hyphal residues may therefore represent a significant soil carbon 
sink 
 
4.2.4 Resistance to soil-borne pathogens and pests 
The potential for AMF to reduce the impacts of a wide variety of soil pathogens is 
well documented (Newsham et al., 1995, Borowicz, 2001, Whipps, 2004).  In general, 
AMF have been found to improve plant performance by reducing the intraradical 
growth of fungal pathogens (Sikes et al., 2009), though the precise mechanisms 
behind this remain unclear (Lioussanne et al., 2009).  It is possible that direct 
competition between AMF and pathogen for finite root resources reduces pathogen 
proliferation (Borowicz, 2001), or it could be that physiological responses increase 
plant resistance, for example through the modification of root exudates (Lioussanne et 
al., 2009).  Furthermore, AMF inoculated plants have been demonstrated to maintain 
higher levels of productivity compared to non-inoculated controls while still carrying 
the same level of pathogen burden (Bleach et al., 2008), although the relationship is 
dependent on AMF species identity.   
 
In terms of resistance to root pests, such as nematodes, AMF have produced 
ambiguous results.  In a meta-analysis of numerous publications, Borowicz (2001) 
found that AMF had a detrimental effect on the growth of sedentary nematodes, a 
conclusion that has recently found more empirical support (Oyekanmi et al., 2007), 
but actually enhanced the growth of migratory nematodes (Borowicz, 2001).   
 
4.3 Effects of agriculture on AMF communities 
The effects of agriculture on AMF communities can be split into two categories.  First 
there is the effect of clearing forest and converting the land use to agriculture, and 
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second, the effect that different agricultural practices have on AMF communities.  
These effects and their implications for forest and shrub restoration are now 
discussed.   
 
4.3.1 Forest conversion to agriculture 
Mycorrhizal fungi have strong linkages with the aboveground community and can be 
a determinant of plant community structure and diversity (Hart et al., 2003, Stampe 
and Daehler, 2003, van der Heijden et al., 2008, van der Heijden et al., 1998b, Wardle 
et al., 2004, Yao et al., 2008).  As such, strong feedbacks exist between mycorrhizal 
fungi and the plant community.  For example, mycorrhizal fungi can affect plant 
nutrient uptake and plant community composition, which affects litter quality and 
subsequent nutrient cycling, as well as the supply of carbon provided by the host.  
This in turn affects soil nutrient availability as well as plant and fungus development, 
which further affects plant community dynamics (Wardle et al., 2004).  The 
importance of these linkages is further reinforced as the benefit each plant receives 
from the mycorrhizal symbiosis is dependent upon the identity of the AMF it is 
colonised by (Klironomos, 2003).  Consequently, the clearance of forest and its 
subsequent conversion to agriculture is likely to have profound impacts on the AMF 
community (Verchot, 2010).   
 
The act of clearing forest leads to changes in the biological, chemical and physical 
landscape.  Replacing forest vegetation with arable crops or grass for grazing also 
completely changes the plant community and eliminates most pre-disturbance host 
species.  These disturbances can lead to changes in both the distribution and 
abundance of AMF (Abbott and Robson, 1991, Bothe et al., 2010).  This being said, 
some studies have found that, based on spore analysis, clearance of forest for 
agriculture does not result in any significant changes in AMF species diversity 
(Johnson and Wedin, 1997, Picone, 2000, Schenck and Kinloch, 1980) or spore 
density (Johnson and Wedin, 1997, Picone, 2000).  However, the proportion of small 
spores relative to large spores has been observed to be greater in pasture than in forest 
(Picone, 2000), suggesting that while AMF diversity and spore density may be 
unchanged, turnover in community composition may occur.  More recently, Li et al. 
(2007a, 2007b) found greater AMF spore densities in a grassland-woodland savannah 
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system that has never been cultivated compared with an arable field, but lowest 
species diversity within the savannah.  Conversely, Bedini et al. (2007) found AMF 
spore density and species richness was greater in a forest compared with a maize 
monoculture.  With regard to grazing systems, AMF community composition of an 
indigenous forest and grazing pasture were found to be distinct, and forest soil 
contained a richer suite of AMF species than pasture (Gavito et al., 2008).   
 
While the identification of spores to determine AMF community composition is 
useful, there are a number of problems with this method (Sanders, 2004).  It has been 
established that spore density does not necessarily translate into the extent of 
mycorrhizae formation (Abbott and Robson, 1991).  In addition, investigation of the 
spore community provides only a snapshot of those AMF currently sporulating, and 
does not necessarily identify which AMF are actively colonising plant roots (Clapp et 
al., 1995, Merryweather and Fitter, 1998).  Furthermore, spore identification carries 
inherent uncertainty because of limitations in the number of distinguishing spore 
morphological features and the ability of AMF to produce dimorphic spores (Krüger 
et al., 2009).   
 
Advances in molecular biology now allow species and isolates of AMF to be 
identified without ambiguity based on their ribosomal DNA (rDNA), and can provide 
a more accurate picture of the “active” AMF community (Redecker, 2000).  
Conversely, molecular methods may miss species due their rareness or absence of 
conserved priming sites (Redecker et al., 2003).  Molecular analyses of root samples 
from forest and arable sites have demonstrated AMF community composition to be 
very different (Daniell et al., 2001, Helgason et al., 1998, Uibopuu et al., 2009).  
Members of the Glomeraceae have been found to be particularly abundant within 
arable sites compared with members of the Acaulosporaceae and Gigasporaceae, 
while the opposite is true within forest (Daniell et al., 2001, Helgason et al., 1998).  
Total AMF species richness results have been equivocal; Helgason et al. (1998) 
reported lower species richness within an arable field than in adjacent forest, while 
Uibopuu et al. (2009) found no difference.  Overall these results suggest that, despite 
earlier studies suggesting that forest conversion to agriculture did not cause any 
differences in the AMF community, forest conversion to agriculture actually has a 
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marked effect in changing AMF community composition, although this may not have 
negative impacts on AMF species richness or diversity.   
 
4.3.2 Different agricultural practices 
Many agricultural practices, including fertiliser application, tillage, the use of 
monocultures, and growing non-mycorrhizal crops, can all have negative effects on 
AMF (Gosling et al., 2006).  As such, different agricultural practices have different 
effects on AMF communities.  Addition of P fertiliser has been demonstrated to 
inhibit both root colonisation and sporulation of certain AMF species, while at the 
same time lead to increases in sporulation of other AMF species (Sylvia and Schenck, 
1983, Kahiluoto et al., 2001).  This may partly explain the changes in spore density 
and composition associated with forest conversion to agriculture.  Higher levels of P 
fertilisation are also associated with lower levels of AMF diversity (Gazey et al., 
2004).  On the other hand, P fertilisation of P deficient agricultural soils in Kenya was 
found to have no effect on AMF spore density, diversity or composition (Mathimaran 
et al., 2007).  Addition of P fertiliser has also been shown to negatively affect 
mycorrhizal function, by reducing the formation of mycorrhizae (Boddington and 
Dodd, 2000b). 
 
Soil disturbance (e.g. through cultivation) is also known to reduce mycorrhizal 
function (Jasper et al., 1989b, Jasper et al., 1989a).  Reductions in AMF spore density 
and diversity have both been reported with soil disturbance (Boddington and Dodd, 
2000a).  Tillage is a common form of agricultural soil disturbance and has been found 
to lead to alterations in AMF community composition, with members of the 
Glomeraceae more abundant in tilled soils and non-Glomeraceae more common in 
untilled soils, but has no effect on overall AMF species diversity (Jansa et al., 2002).  
This selection of AMF may be influenced by differences in functional traits of the 
Glomeromycota.  The Glomeraceae have been demonstrated to produce extensive 
intraradical versus extraradical hyphae, while the Gigasporaceae, which tend to be 
more common in untilled soil (Helgason et al., 1998, Jansa et al., 2002), produce 
extensive extraradical hyphae (Hart and Reader, 2002, Maherali and Klironomos, 
2007), and so may be more sensitive to soil disturbance.  Tillage has also been linked 
to the vertical distribution of AMF, with greatest AMF diversity immediately beneath 
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ploughing depth (Oehl et al., 2005).  The use of monocropping versus crop rotation 
has also been found to cause a reduction in AMF species diversity and turnover in 
community composition, with increased loss of Acaulosporaceae and Gigasporaceae 
(Mathimaran et al., 2007, Oehl et al., 2003). 
 
Intensification of domestic livestock grazing has also been implicated to changes in 
soil microbial community structure through increased urine deposition (Rooney et al., 
2006, Rooney and Clipson, 2009).  Negative effects on AMF species richness and 
diversity have been reported as a result of increased N deposition (Egerton-Warburton 
and Allen, 2000).  However, effects of N fertilisation may be linked with soil P status.  
N fertilisation of P rich soils has been found to reduce AMF species richness and 
diversity by causing a shift in community composition towards Glomeraceae 
dominance and the loss rare species, while N fertilisation in P limited soils has the 
opposite effect (Egerton-Warburton et al., 2007).   
 
High intensity management inputs associated with conventional farming, i.e. frequent 
fertiliser application, tillage and monocropping, have been found to have a negative 
effect on AMF species richness compared with low input, organic agricultural 
systems (Hijri et al., 2006, Oehl et al., 2003, Verbruggen et al., 2010).  In addition, 
conventional management of agricultural soils appears to show strong selective 
pressure for Glomeraceae (Helgason et al., 1998, Jansa et al., 2002, Wang et al., 
2008).  Long term legacy effects of conventional  agriculture on AMF community 
composition are known to occur (Hijri et al., 2006), and it has been suggested that the 
length of time from forest clearance to agricultural abandonment may influence AMF 
community composition, with shorter time frames maintaining more of the original 
forest AMF (Johnson and Wedin, 1997).  As such, it seems likely that the intensity of 
agricultural inputs in combination with time since forest clearance will determine the 
extent of change in the AMF community. 
 
4.3.3 Implications for restoration 
Some studies comparing agricultural and forest soils have found AMF diversity and 
species richness to be similar (Johnson and Wedin, 1997, Picone, 2000), and therefore 
concluded that AMF are unlikely to limit forest restoration.  These studies considered 
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AMF species richness, diversity and spore density as measures of AMF community 
change.  As such they overlooked the potential effect of changes in AMF species 
composition that may have occurred.  Other studies investigating AMF potential have 
found that agriculturally disturbed soils led to reduced AMF infectivity and function 
(Boddington and Dodd, 2000a, Boerner et al., 1996), especially when compared to 
infectivity of forest soils (Boerner et al., 1996).  However, others have found that 
forest and agricultural soils have similar levels of AMF propagule availability and 
infectiveness (Asbjornsen and Montagnini, 1994, Maldonado et al., 2000); thus it is 
hard to generalise.   
 
Results from a study comparing the effect of agricultural versus forest soil inoculum 
on tree growth found growth was significantly improved with agricultural inoculum 
(Fischer et al., 1994).  This result is surprising given that agricultural practices, 
namely soil fertilisation, have been associated with a decline in AMF mutualism 
(Johnson, 1993, Ryan and Graham, 2002).  Fertilisation of plants typically leads to a 
reduction in root:shoot ratio, as plants invest more in above ground rather than below 
ground tissues (Hermans et al., 2006).  This reduction in resources to plant roots may 
select for more aggressive AMF that exert a higher carbon drain on their host and are 
therefore less mutualistic (Graham and Abbott, 2000, Johnson, 1993, Ryan and 
Graham, 2002).   
   
More recent investigations of tree seedling responses to agricultural and forest AMF 
communities have found seedlings responded equally well to both inoculum types, 
despite AMF spore analysis revealing the AMF communities of the two soil types 
were significantly different (Gavito et al., 2008, Onguene and Kuyper, 2005).  A 
study of herbaceous species found that forest herbs responded equally to both forest 
and agricultural AMF, but that a herb typically associated with arable systems 
responded vigorously to agricultural AMF (Uibopuu et al., 2009).  These results 
suggest that while forest species may not show specificity in response to either AMF 
community, non-target plant species may respond positively to agricultural AMF.  In 
terms of restoration this is important, as nuisance weeds or invasive species with 
AMF-induced increases in fitness may compete effectively against restoration 
plantings and thereby inhibit tree seedling establishment (Desprez-Loustau et al., 
2007, Wolfe and Klironomos, 2005); or may pervade and persist within a restoration 
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site and thus prevent floristic convergence with primary forest (Fuchs and 
Haselwandter, 2008, Gross et al., 2010).   
Forests can and do redevelop naturally on abandoned farm land over time, for 
example in eastern USA and western Europe.  However, species diversity and 
similarity of these regrowth forests compared with primary forests is significantly 
different and is continuing to diverge over time (Baeten et al., 2010, Vellend, 2004).  
Site (e.g. duration and intensity of agricultural development) and landscape (e.g. 
proximity, intactness and size of closest forest remnant) factors play an important role 
in determining plant species dispersal and establishment within regrowth forests 
(Baeten et al., 2010, Vellend, 2004).  In addition, forest composition may be further 
influenced by an absence of appropriate mycorrhizal symbionts (Kiers et al., 2000, 
Klironomos, 2003) and hyphal networks (van der Heijden and Horton, 2009).   
 
4.4 Use of AMF for tree and shrub restoration 
It is widely recognised that AMF can play a critically important role in ecological 
restoration, especially in degraded soils with low mycorrhizal inoculum potential 
(Bothe et al., 2010, Jayahandran and Fisher, 2008, Jeffries et al., 2003, Khurana and 
Singh, 2001).  Application of AMF in restoration can be achieved either by applying 
AMF directly into field soils or by pre-inoculating plants prior to their outplanting 
(Jeffries et al., 2003).  Field application of AMF would require large quantities of 
AMF material to be successful and thus would also require mass production of 
inocula (Jeffries et al., 2003), which is a process not all species of AMF are suited too 
(Schwartz et al., 2006).  On the other hand, inoculation of seedlings within plant 
nurseries can be achieved using relatively small quantities of inocula within a 
controlled environment (Jeffries et al., 2003).  As such, inoculation of seedlings with 
AMF prior to field planting offers a particularly promising avenue for plant 
restoration (Bothe et al., 2010).   
 
Under glasshouse conditions, inoculation of tree seedlings with indigenous forest 
AMF has been found to have a beneficial effect on seedling growth, survival and 
nutrient acquisition (Onguene and Kuyper, 2005, Turjaman et al., 2008, Urgiles et al., 
2009).  Inoculation with AMF has also been demonstrated to improve tree seedling 
survival under drought conditions (Zhang et al., 2010).  One reason that AMF may 
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improve seedling drought tolerance is through stimulation of root biomass production 
(Zhang et al., 2010), although evidence for this is conflicting (Green et al., 2005).  
Under field conditions, the use of forest AMF has been found to improve forest 
seedling growth and survival within abandoned agricultural sites (Allen et al., 2003, 
Allen et al., 2005, Ramos-Zapata et al., 2006).  Differential effects of AMF from 
early and late successional forest on seedling growth have been reported (Allen et al., 
2003, Allen et al., 2005, Onguene and Kuyper, 2005).  This may be related to 
differences in AMF species composition of early and late successional forests, 
individual tree species responses to different AMF, as well as edaphic factors (Allen 
et al., 2003, Allen et al., 2005, Kiers et al., 2000).   
 
In addition to indigenous forest AMF, numerous commercially available AMF 
products are now available.  For restoration practitioners, using such products can be 
simpler, less time consuming and cheaper than utilising indigenous populations of 
AMF, which are often uncharacterised and require collection and culturing.  However, 
experiments comparing the use of indigenous versus exotic AMF for the restoration of 
shrub species have typically found that native plants show greater growth and nutrient 
acquisition responses to indigenous AMF than to commercial AMF products 
(Caravaca et al., 2003, Requena et al., 2001).  This suggests that, in general, 
indigenous AMF offer better prospects for restoration than commercially available 
products (Fuchs and Haselwandter, 2008, Klironomos, 2003). 
 
4.4.1 Practical considerations 
An investigation examining the extent of mycorrhizal colonisation within plant 
nurseries found that, without intentional addition of mycorrhizae, plant colonisation 
rates are highly variable (Sylvia et al., 1998).  To ensure mycorrhizal colonisation, 
some nursery practitioners therefore add inoculum.  When indigenous inoculum is 
used, practitioners typically collect leaf litter from existing patches of native forest.  
However, the collection of leaf litter is unlikely to contain large quantities of infective 
AMF material.  This is because AMF tend to proliferate within soil and access 
predominantly inorganic, rather than organic, mineral resources (Abbott and Robson, 
1991, Smith and Read, 2008).  In instances where AMF hyphae have been found 
colonising organic material it is mostly in the deep, highly decomposed leaf litter in 
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the vicinity of tree roots, and only to a minor extent on the surface leaf litter 
(Aristizábal et al., 2004).  Thus, while duff will contain AMF material, to capture an 
ecologically representative sample of the forest AMF community it is necessary to 
collect material from the rhizosphere (Clapp et al., 1995, Corkidi et al., 2008, 
Merryweather and Fitter, 1998). 
 
The combination of easily available commercial AMF products and the lack of locally 
sourced, indigenous AMF cultures means that pre-inoculation of seedlings prior to 
field planting often occurs with commercial AMF products (Schwartz et al., 2006, 
Mummey et al., 2009).  These products typically include isolates of easily cultured 
Glomeraceae that are exotic to both the location and plant species to which they are 
subsequently applied (Mummey et al., 2009, Schwartz et al., 2006).  Such inoculation 
will not necessarily result in improved growth of native plants (Fuchs and 
Haselwandter, 2008, Klironomos, 2003, Renker et al., 2004).  Furthermore,  when 
planted into stressful environments, exotic AMF are not always able to survive or 
provide plant benefit, as they are not adapted to local conditions (Gianinazzi and 
Vosátka, 2004, Oliveira et al., 2005).  Recent research has also demonstrated that the 
use of exotic AMF during plant production can have negative effects in realising 
natural ecosystem AMF diversity after seedlings are planted in the field (Mummey et 
al., 2009).  Finally, the use of exotic AMF necessitates the introduction of non-native 
species to novel environments.  These exotic species have the potential to become 
invasive, and as the ecological consequences of their introduction is currently not 
known, caution is advised on their use for ecological restoration (Schwartz et al., 
2006). 
 
4.5 Conclusions and knowledge gaps 
Research to date shows a general trend of AMF community turnover as a result of 
forest conversion to agriculture and subsequent agricultural practices.  Species of 
Glomeraceae appear to proliferate while other AMF families decline.  While change 
in AMF community composition may not necessarily have any negative effects on 
AMF diversity or species richness, it can lead to a reduction in mycorrhizal 
functioning and mutualism.  Given the strong linkages between AMF and the 
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aboveground community, changes in the AMF community can have major 
consequences for the plant community, with resultant implications for restoration.   
 
At present little is known of the composition of many of the world’s AMF 
communities and how they interact with the flora present in specific locations.  More 
information is required on how different agricultural practices affect AMF community 
composition and function.  In particular, the majority of research relating to 
agricultural practices has been conducted on arable sites, with the result that grazing 
systems and rangelands remain under-studied.  Research also suggests that underlying 
soil fertility, i.e. whether soils are P limited or not, is strongly linked to AMF 
community responses to fertiliser additions.   
 
In addition to studying the effects of agricultural practices on AMF community 
structure, further investigation of the implications of changes to AMF community 
structure for forest restoration are required.  Current research indicates that forest 
AMF will either have no effect or a positive effect on native plant restoration while 
agricultural AMF, by being more mutualistic with non-target or invasive plant 
species, may be detrimental.  This also applies to the use of exotic, commercially 
available AMF, as current research shows they are less beneficial to native plants than 
indigenous AMF. 
 
All of the cited studies pertaining directly to the use of AMF for restoration did not 
take into account the effect of plant competition.  However, when restoring 
abandoned agricultural land exotic species, particularly pasture species, are common, 
and can represent a major barrier to forest restoration (Cramer et al., 2008).  
Furthermore, the outcome of plant competition is influenced by AMF identity 
(Scheublin et al., 2007).  As such, investigation into the effects of AMF from forests 
versus agroecosystems versus commercial products on the success of forest 
restoration should also investigate how forest plant species respond to competition.  
Specifically, research should investigate how they respond to competition with those 
plant species that limit restoration success within their particular geography. 
 
 
  115
4.5.1 Outline of next five chapters 
The next five chapters (Chapters 5 to 9) explore the potential role of AMF in the 
restoration of Podocarpus cunninghamii.  Chapter 5 is a molecular investigation 
aimed at identifying the species that comprise the AMF communities that colonise 
Podocarpus cunninghamii in the high country.  In addition, Chapter 5 investigates 
AMF community composition of grasslands adjacent to existing Podocarpus 
cunninghamii stands, to elucidate changes in AMF community composition that may 
have occurred since forest conversion to grazing grassland.  Chapter 6 investigates the 
effect that AMF communities isolated from a remnant high country stand of 
Podocarpus cunninghamii and a retired grazing grassland have on the growth and 
nutrient acquisition of Podocarpus cunninghamii cuttings.   Chapter 7 compares the 
growth and nutrient responses of Podocarpus cunninghamii cuttings to an exotic, 
commercially available AMF product and an indigenous, single species AMF culture.  
Both Chapters 6 and 7 are glasshouse based.  They both also investigate how 
competition with Agrostis capillaris, an exotic grass species that is invasive within the 
high country, affects the response of Podocarpus cunninghamii to the different AMF 
treatments.  Chapter 8 reports on the results of a high country field trial investigating 
the effects of all the different AMF inocula on the growth of Podocarpus 
cunninghamii.  Finally, Chapter 9 investigates if and how AMF are used within native 
plant nurseries, to identify whether the potential benefits for restoration that can be 
gained by inoculating seedlings with AMF are being realised. 
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5 Investigation of high country Podocarpus 
cunninghamii and grassland AMF communities 
 
5.1 Introduction 
The composition of AMF communities in forest and agricultural systems has been 
shown to be very different (Helgason et al., 1998, Uibopuu et al., 2009).  This 
difference may represent a constraint to the restoration of forest on ex-agricultural 
land through the loss of AMF function and mutualism, as well as specific AMF 
symbionts (see Chapter 4).  In New Zealand, no work has been done to identify if any 
such differences exist.   
 
Before the last decade, identification of AMF taxa relied primarily upon 
morphological identification of spores (Moorman and Reeves, 1979, Schenck and 
Pérez, 1990).  This method is unreliable for a number of reasons, including the 
limitation in number of distinguishing morphological characters and the ability of 
AMF to produce dimorphic spores (Krüger et al., 2009, Sanders, 2004).  Furthermore, 
investigation of the spore community provides only a snapshot of those AMF 
currently sporulating, and does not necessarily identify which AMF are actively 
colonising plant roots (Clapp et al., 1995, Merryweather and Fitter, 1998).  Advances 
in molecular biology have allowed species and isolates of AMF to be identified 
without ambiguity and analysed to investigate their degree of similarity, based on 
their ribosomal DNA (rDNA).  Molecular analysis can thus provide a more accurate 
overall picture of the AMF community (Redecker et al., 2003).   
 
The aims of this chapter were to 1) confirm that Podocarpus cunninghamii, 
irrespective of whether it is growing in areas of extensive intact forest in regions of 
high rainfall or small, scattered remnant stands within the dry, predominantly 
agricultural hinterland, does naturally form AMF associations; 2) determine the 
identity of AMF forming these associations using molecular methods targeting the 
small subunit (SSU, 18S) and large subunit (LSU, 28S) rDNA regions; and 3) 
similarly determine the identity of AMF in grasslands adjacent to the sampled stands 
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of Podocarpus cunninghamii, to elucidate any differences in the composition of the 
AMF communities between the vegetation types.   
 
5.2 Methods 
5.2.1 Collection of root material 
Podocarpus cunninghamii root samples were collected from five high country sites.  
These sites followed a west-east rainfall gradient, from Mount Cook National Park 
(>2,500 mm annual rainfall), to the southern end of the Mackenzie Country near 
Omarama (<600 mm annual rainfall).  The high country does not experience a marked 
wet or dry season, thus annual rainfall is distributed evenly throughout the year.  Two 
sites of opposite aspect were selected from Birdwood Station (NBS (north aspect) and 
SBS (south aspect)), one site from Longslip Station (LS), one from Mt Cook National 
Park (MC), and one from Mt Ben Ohau (MB); for precise site locations and 
descriptions of each site see Chapters 3.  Eight root samples were taken from each 
site.  Attempts were made to collect two samples per sampled tree (north and south 
aspect) however with the rockiness of the sites this was not always possible.  In such 
instances the second sample was taken from the nearest neighbouring tree.  A total of 
40 samples were collected, stored in plastic bags in a cool box, and transported to the 
School of Forestry, Christchurch.  Samples were then stored in a refrigerator at 4ºC.  
Samples were collected in June 2008 and again in February 2010.   
 
Root material was also collected from three grassland sites: Balmoral Station (BA; 
44° 02’S, 170° 24’E), and two grassland sites adjacent to the Podocarpus 
cunninghamii stands at Mt Ben Ohau and Mt Cook National Park.  These grasslands 
were depleted Festuca novae-zelandiae tussock grasslands, heavily invaded by 
Agrostis capillaris, Anthoxanthum odoratum and Hieracium pilosella, with these 
invading species comprising approximately 75% of the vegetation cover.  Samples 
were air-dried and stored at 4ºC.  Only molecular analysis was applied to these 
samples. 
 
5.2.2 Preparation of root material  
Podocarpus cunninghamii roots are woody, and as such often darkly pigmented.  To 
overcome this pigmentation, five preparation methods were trialled before a final 
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methodology was selected.  For all methods, each root sample was first rinsed with 
water to remove excess soil and the roots of other species.  A subsample from each 
tree was then taken for further preparation. 
 
Method One 
Roots were cleared of pigment by being soaked in 10% (w/v) KOH for 2.5 hours in an 
80°C water bath.  The roots were then rinsed with reverse osmosis (RO) water before 
being neutralised in 10% (v/v) HCl and stained overnight in 0.05% (w/v) trypan blue 
solution.   
 
Method Two 
Roots were soaked in 10% (w/v) KOH for 30 minutes in a 90°C water bath before 
being rinsed, neutralised and stained as per Method One. 
 
Method Three  
Roots were soaked in 10% (w/v) KOH as per Method One, but after rinsing with RO 
water were bleached in 3% (v/v) H2O2 for 5-20 minutes (depending on the level of 
pigmentation) at 85°C.  They were then rinsed with water and soaked in 1% (v/v) HCl 
for 10 minutes.  Finally they were stained overnight in 0.05% (w/v) trypan blue 
solution. 
 
Method Four  
Roots were soaked in 10% (w/v) KOH for 30 minutes in a 90°C water bath, rinsed 
with RO water, and bleached and stained as per Method Three.   
 
Method Five  
Roots were soaked in 10% (w/v) KOH and placed in an 80ºC water bath for four 
hours.  These roots were then rinsed, bleached and stained as per Method Three.   
 
For all methods, the stained roots were stored in lactic glycerol (50% (v/v) glycerol, 
25% (v/v) lactic acid, 25% sterile distilled water) (Brundrett et al., 1996, Redecker et 
al., 2003).  Method Five gave the best results, in terms of pigment-cleared roots, and 
so was the method adopted for the preparation of all samples for analysis of root 
colonisation. 
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The remainder of the roots were then used to initiate arbuscular mycorrhiza spore 
cultures (section 5.2.5).   
 
5.2.3 Percentage root length colonised 
The gridline intersection method (Giovannetti and Mosse, 1980) was used to visually 
confirm the presence and determine the extent of AMF colonisation on the primary 
root cortex.  A grid (1 cm2 grid square) was etched onto an 8.5 cm diameter Petri dish 
and 1 cm root pieces were randomly distributed.  These were observed under a 
dissection microscope at ×80 magnification both horizontally and vertically; a 
minimum of 100 intersections was evaluated for each sample.  The number of 
intersections observed was recorded, as too was the number of times AMF features 
intersected; this provided percent colonisation.  The length of root analysed (L) was 
then calculated using the following equation (Brundrett et al., 1996): 
 
    L = N × G × 11/14   (Equation 5.1) 
 
Where N is the number of intersects and G is the length of one side of a grid square, 
in this case 1 cm.  This value was then multiplied by the percent colonisation to give 
the length of root colonised. 
 
Percentage root colonisation data was arc-sine square root transformed prior to 
analysis using a two-way analysis of variance (ANOVA), with collection site and 
aspect set as factors.  Significant differences between factor levels were identified 
through stepwise model simplification (Crawley, 2007).  Analysis was conducted 
using R version 2.10.0 (R Development Core Team, 2009).   
 
5.2.4 Molecular methods with root material 
Ten Podocarpus cunninghamii and four grassland root samples were initially selected 
to optimise the various molecular methods before adopting a specific protocol for use 
across all samples. 
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5.2.4.1 DNA extraction 
Three extraction methods were trialled in order to find the technique that yielded the 
greatest quantity and quality of DNA.  The first method (Method A) used Chelex-
100™ (Bio-Rad Laboratories) in a method modified from Ishii & Loynachan (2004).  
The second method (Method B) utilised the REDExtract-N-Amp Kit™ (Sigma 
Aldrich Inc.).  The third (Method C) used the Puregene® DNA Isolation Kit (Gentra 
Systems).  For all methods, colonised roots were thrice washed in sterile distilled 
water and surface sterilised with 5% (w/v) chloramine-T hydrate (Sigma-Aldrich 
Inc.).  They were then crushed in liquid nitrogen using a mortar and pestle prior to 
extraction by methods A, B and C. 
 
Method A  
Crushed root material was placed in 60 μl of 10% (w/v) Chelex-100 and incubated for 
10 minutes at 90°C.  Samples were then placed on ice for 1 minute before being 
centrifuged for 5 minutes at 12,000 × g.  The supernatant was removed and stored at -
20ºC until use.   
 
Method B  
Crushed root material was placed in 100 μl of REDExtract-N-Amp™ Extraction 
Solution and incubated for 10 minutes at 95°C.  One hundred μl of REDExtract-N-
Amp™ Dilution Solution was then added and the mixture vortexed.  The final 
solution was stored at 4°C until use.   
 
Method C  
Crushed root material was placed in 500 μl of Cell Lysis solution and incubated at 
65ºC for 60 minutes.  Each sample was inverted 10× after 30 and 60 minutes.  After 
cooling to room temperature, 167 μl Protein Precipitation solution was added and the 
samples vortexed for 20 seconds, followed by centrifugation at 14,000 × g for 3 
minutes.  The supernatant (containing the DNA) was transferred to a clean tube and 
the DNA was precipitated by the addition of 500 μl of isopropanol.  Each sample was 
inverted 50× to mix then centrifuged at 14,000 × g for one minute.  The supernatant 
was removed and each tube left to drain.  The DNA pellet was washed by the addition 
of 300 μl of 70% ethanol and inverted several times, then centrifuged at 14,000 × g 
for 1 minute.  The ethanol was poured off and the tubes left to drain and air dry for 
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10-15 minutes.  Subsequently, 50 μl DNA Hydration solution was added and the 
samples incubated at 65ºC for 60 minutes.  Tubes were tapped periodically to disperse 
DNA.  After incubation the tubes were centrifuged at 14,000 × g for five minutes and 
the supernatant (containing the DNA) transferred to a clean tube.   
 
For each method, 1.5 μl of each DNA extract was assessed for concentration and 
purity by spectrophotometry (NanoDrop 3.0.0, Thermo Scientific).  Samples were 
diluted with sterile distilled water where necessary to achieve a DNA concentration of 
approximately 20 ng. μl-1.  Methods A and B were trialled over the period July 2008 
to May 2009; Method C was trialled during February 2010. 
 
5.2.4.2 Polymerase chain reaction (PCR) 
5.2.4.2.1 Reagent mixtures 
Method A 
One μl of DNA template was added to 19 μl of PCR mixture consisting of 1× PCR 
reaction buffer (50 mM Tris/HCl, 10 mM KCl, 5 mM (NH4)2SO4, 2 mM MgCl2, pH 
8.3/25°C), 200 μM of each dNTP, 1 U FastStart Taq polymerase (Roche) and 5 
pmoles of each forward and reverse primers (Table 5.1). 
 
Method B 
Four μl of DNA template was added to 16 μl of PCR mixture consisting of 10 μl 
REDExtract-N-Amp™ Ready Mix (Sigma-Aldrich Inc.), 4 μl sterile distilled water, 
and 5 pmoles of each of the same primers.   
 
Method C 
Two PCR amplification mixtures were trialled.  Either 1 μl or 3 μl of DNA template 
were added to 19 μl or 17 μl of PCR mixture, respectively; the PCR mixture was that 
used for amplification of DNA extracted using Method A, making adjustments for the 
quantity of sterile distilled water.  Where the Krüger et al. (2009) primer mixes were 
used, the quantity of sterile distilled water was reduced to maintain a final PCR mix of 
20 µl. 
 
AMF specific primers designed for the small subunit (SSU, 18S) and large subunit 
(LSU, 28S) ribosomal DNA (rDNA) regions were used in combination with more 
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general eukaryotic primers (Figure 5.1); the primer combinations used are listed in 
Table 5.1. 
 
 
 
 
 
 
 
 
Figure 5.1 – The relative location of the forward and reverse primers used in the 
study.  Diagram is not to scale.  Adapted from Russell et al. (2002) and Krüger et al. 
(2009). 
 
5.2.4.2.2 Amplification conditions for standard and nested PCR 
Methods A and B 
A modified version of the thermal cycle used by Redecker (2000) was used for PCR: 
a 4 minute denaturation step at 94°C, followed by five cycles of 94°C for 30 seconds, 
61°C for 30 seconds (annealing phase) and 72°C for one minute (extension phase).  
Following this they were amplified by a further 30 cycles with an annealing 
temperature of 60°C.  The final extension phase lasted for 10 minutes before being 
held at 4°C.  All PCRs were done using a Bio-Rad iCycler™. 
 
Two forms of nested PCR were also trialled – hemi-nested and fully nested.  Three 
different primary PCRs were done; one using the universal forward and reverse 
primers NS5 and ITS4, one using NS1 and ITS4, and one using SSUmAf and 
LSUmAr.  The full primer combinations and their source are listed in Table 5.1.   
 
The primary and nested PCRs followed the methodology of Redecker (2000).  Where 
gel bands were present following 1% agarose gel electrophoresis of a 5 μl aliquot of 
the primary PCR (see 5.2.4.2.3 for method), the PCR products were diluted 1:1000 in 
nuclease free water; where no gel bands were present the products were diluted 1:100.  
One μl of diluted primary PCR product was then added to 19 μl of PCR mixture 
consisting of 1× PCR reaction buffer (50 mM Tris/HCl, 10mM KCl, 5 mM 
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(NH4)2SO4, 2 mM MgCl2, pH 8.3/25°C), 200 μM of each dNTP, 1 U FastStart Taq 
polymerase (Roche) and 5 pmoles each of the respective primer combinations (Table 
5.1).  The annealing temperature for the primary PCRs was 51°C for 35 cycles while 
the annealing temperatures for the nested PCRs were 61°C for five cycles followed by 
60°C for 28 cycles.    
 
Table 5.1 – Primer combinations for the non-nested, hemi- and fully nested PCRs.  
AMF specific primers are from (*) Redecker (2000), (**) Redecker et al. (2000), (†) 
Russell et al (2002), (‡) Krüger et al. (2009).  ITS1F is from Gardes & Bruns (1993); 
all others are from White et al. (1990). 
Type of 
PCR 
Primary PCR primers 
(forward – reverse) 
Secondary PCR 
forward primer 
Secondary PCR 
reverse primer 
Non-nested ITS1F – GIGA5.8R* 
 
  
ACAU1660* – ITS4 
GLOM1310* – NS8 
NS1 – ARCH1375R† 
SSUmAf‡ – LSUmAr‡ 
Hemi-nested NS5 – ITS4 ACAU1660* ITS4 
ARCH1311* 
GLOM1310* 
NS5 GIGA5.8R* 
GLOM5.8R* 
Fully nested NS5 – ITS4 ARCH1311* GIGA5.8R* 
GLOM1310* 
ARCH1311* GLOM5.8R* 
GLOM1310* 
NS1 – ITS4 NS3 ARCH1375R† 
GLO1375R† 
GLOM1070R (**) 
SSUmAf‡ – LSUmAr‡ SSUmCf‡ LSUmBr‡ 
 
Method C 
The primary and nested PCR protocols followed Krüger et al. (2009).  For primary 
PCR initial denaturation was 5 minutes at 99°C, followed by 40 cycles of 10 seconds 
at 99°C, 30 seconds annealing at 60°C and one minute elongation at 72°C; final 
elongation was 72°C for 10 minutes.  Nested PCRs were the same except that the 
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annealing temperature was 63°C and for only 30 cycles.  Primary PCR products were 
diluted 1:10 for use in nested PCR. 
 
5.2.4.2.3 Agarose gel electrophoresis and DNA sequencing 
For Methods A and C, and the nested PCR products, 10 μl were mixed with 2 μl of 
loading buffer (0.025% (w/v) bromophenol blue, 0.025% (w/v) xylene cyanol, 40% 
(w/v) sucrose in water).  REDExtract-N-Amp™ Ready Mix PCR products (Method 
B) do not require the addition of a loading buffer.  Ten μl of all PCR products were 
run on 1% agarose gel submerged in 1× TAE (40 mM Tris Base, 20 mM acetate, 2 
mM EDTA, pH 8) for 50 minutes at 10 V·cm-1).  A molecular marker was run 
concurrently by mixing the loading buffer with 5 μl of 1 Kb plus DNA Ladder™ 
(Invitrogen).  Gels were stained by soaking in 0.5 μg.ml-1 ethidium bromide solution 
for 15 minutes, followed by de-staining in water for five minutes.  Gels were the 
photographed under ultra violet light using the VersaDoc™ imaging system (Rio-
Rad).   
 
Where multiple bands were present or the amplimer was faint, the 
purity/concentration of the gel bands from the ACAU1660–ITS4 nested PCR were 
extracted directly from the agarose gel by stabbing the gels with a sterile pipette tip.  
Each extracted product was then placed in 19 µl of PCR reaction mixture and 
subjected to the nested PCR cycle.   
 
All samples producing bands were sequenced using a 3100-Avant Genetic Analyzer 
(Applied Biosystems) and analysed using Sequencing Analysis Software version 5.1 
(Applied Biosystems).  All unambiguous returned sequences were queried on 
GenBank using the Basic Local Alignment Search Tool (BLAST) (Zhang et al., 2000) 
for known matches.  The neighbour joining algorithm, with the maximum allowable 
fraction of mismatched bases set at the BLAST default of 0.75, were then used to 
identify which clade the sequence belonged.  These sequences (phylotypes) were 
named according to the major genus clade in which they appeared; the first four 
letters of the genus followed by a numerical index, x.  For example, Glomus 
phylotypes were named Glom-x. 
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To place our phylotypes within a New Zealand podocarp AMF context they were 
aligned with the sequences published by Russell et al. (2002) for podocarps growing 
on the west coast.  The phylogenetic relationship between phylotypes was then 
derived using the neighbour joining method with 1,000 bootstrap replicates.  
Sequence alignment, phylogenetic analysis and tree construction was all done using 
Mega 4.1 (Tamura et al., 2007).   
 
5.2.4.3 Resolution of mixed PCR products by SSCP and cloning 
Two methods were utilised to separate PCR products containing multiple sequences in 
the final nested PCR mixtures.  These were single stranded conformation 
polymorphism (SSCP) and TA cloning.  The products from these two methods were 
then sequenced as described in section 5.2.4.2.3. 
 
Single stranded conformation polymorphism (SSCP) 
All the nested PCR products that produced bands during agarose gel electrophoresis 
were used for SSCP.  For a review of the underlying molecular biology upon which 
SSCP is based, and the applications therein of SSCP, see Kerr & Curran (1996). 
 
A non-denaturing 0.625× MDE™ (Lonza) polyacrylamide gel was made using 12.5 
ml of 2× MDE™ gel solution (Lonza) with 8 ml of 5× TBE (445 mM Tris Base, 445 
mM borate, 10 mM EDTA, pH 8) and 19.5 ml of H2O.  Following this 30 µl of N, N, 
N’, N’-tetra-methyl-ethylenediamine (TEMED, Bio-Rad Laboratories) and 280 µl of 
10% (w/v) ammonium persulphate (Bio-Rad) were added.  The solution was mixed, 
loaded into an assembled vertical Protean® II xi Cell (Bio-Rad) and left for 2 hours to 
polymerise.  Once polymerised, the acrylamide gels were submerged in 1× TBE 
buffer in the Protean® II xi Cell gel tank. 
 
 
For PCR products that produced strong bands in agarose gel electrophoresis, 1.5 µl of 
PCR product was mixed with 15 µl of loading buffer (95% (v/v) formamide, 0.05% 
(w/v) bromophenol blue, 0.05% (w/v) xylene cyanol); for those that produced only 
weak bands, 3 µl of product was mixed with 15 µl of loading buffer. 
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These prepared samples were incubated at 95°C for 5 minutes, to denature the 
template strands, immediately cooled on ice for 5 minutes, then loaded into the wells 
on the acrylamide gel.  Electrophoresis was run for 17 hours at 200 V using a cooling 
system that maintained the running gels at 20°C.  This method was modified from 
Schwieger & Tebbe (2000). 
  
Gels were then silver stained in a glass tray.  First, each gel was placed in fixer 
solution (10% (v/v) ethanol, 0.5% (v/v) acetic acid) and rocked for 5 minutes.  This 
solution was then replaced with a staining solution (10% (v/v) ethanol, 0.5% (v/v) 
acetic acid, 0.2% (w/v) AgNO3).  Gels were stained for 5 minutes, washed with dH2O 
before being covered in developer solution (3% (w/v) NaOH, 0.1% (v/v) 
formaldehyde) for 30 minutes. 
 
Post-staining, both the gels were sandwiched between two acetate sheets and scanned.  
Clear bands were excised from each of the gels using a scalpel blade and forceps, both 
sterilised with 70% ethanol between gel excisions.  Gel slices were stored in 100 µl of 
dH2O at -20°C. 
 
Three methods were employed to extract and amplify the DNA from the acrylamide 
gel slices.  The first involved cutting a 2 mm2 section of gel slice and placing it within 
19 µl of PCR reaction mixture.  The second was identical except that the 2 mm2 gel 
fragment was masticated using sterile forceps.  The third method used a freeze-
squeeze procedure, modified from Tautz & Renz (1983).  This method was developed 
for DNA extraction from agarose gel but is also commonly used for extraction from 
acrylamide gels (Kurien and Scofield, 2002).  In this method, a fine hole 
(approximately 2 mm diameter) was punched through the base of a 0.6 ml tube.  A 
small quantity of glass wool was then firmed down above this hole and the gel slice 
placed atop.  This tube was then wrapped in aluminium foil and frozen in liquid N2.  
Once frozen, the 0.6 ml tube was placed within a 1.7 ml tube and centrifuged at 
16,100 × g.  The centrifugation process forced DNA fragments through to the base of 
the 0.6 ml tube and into the 1.7 ml tube, while the glass wool retained the gel within 
the 0.6 ml tube.  One µl of the resulting DNA solution was then added to 19 µl of 
PCR mixture.  For all three methods, the PCR protocol had an annealing temperature 
of 60ºC and ran for 40 cycles, as described in section 5.2.4.2.2.   
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PCR products were run on a 1% agarose gel following the procedure given in section 
5.2.4.2.3.  Samples that produced clear, single bands were selected for sequencing.   
 
Cloning 
Four site samples were selected at random for cloning (two from Mt Cook National 
Park and one from each of Birdwood Station (north) and Mt Ben Ohau); samples were 
ligated overnight at 4ºC.  The 10 µl ligation mixture consisted of 5 µl of 2× Rapid 
Ligation Buffer for T4 DNA ligase, 1 µl of pGEM®-T Easy vector (50 ng) 
(Promega), 1 µl of PCR product, 1 µl T4 DNA ligase (3 Weiss units per µl), and 2 µl 
sterile distilled water. 
 
Two solutions (lysogeny broth (LB broth) and LB media plus agar) were made, each 
using the following ingredients: 10 g Bacto-tryptone, 10 g NaCl, and 5 g Bact-yeast 
extract; 15 g of agar was added to the LB media plus agar.  Sterile distilled water was 
used to make the solutions up to 1 litre.  After thorough mixing the two solutions were 
sterilised by placing in a pressure cooker for 15 minutes.  The LB broth was allowed 
to cool at room temperature while the LB media plus agar was placed in a 50ºC 
incubator for 30 minutes.  After 30 minutes 1 ml of sterilised ampicillin (100 µg·ml-1) 
was added.  The ampicillin had been sterilised by filtration through a Millex-GS 
syringe driven filter unit (0.22 µm) (Millipore).  Aliquots of approximately 30-35 ml 
of LB media plus agar were poured into 85 mm Petri dishes and allowed to solidify.   
 
An X-gal solution (50 mg 5-bromo-4-chloro-3-indolyl-β-D-galactoside in N, N’ –
dimethylformamide·ml-1) and 100 mM IPTG (isopropyl β-D-1-thiogalactopyranoside) 
was then prepared.  Twenty-five µl of X-gal and 50 µl of IPTG were spread, using a 
metallic spreader that had been sterilised by flaming with ethanol, over each of the 
solidified LB media plus agar dishes; these dishes are hereafter referred to as LB/X-
gal/IPTG/Ampicillin plates.   
 
Two µl of each ligation mixture was added to a sterile 1.7 ml tube on ice.  DH5α 
competent cells (Escherichia coli strain DH5α, Promega) were then taken from -80ºC 
storage and thawed on ice for approximately 5 minutes.  The cells were mixed by 
gently flicking the base of the tube.  Fifty µl of thawed cells were then added to each 
  128
2 µl aliquot of ligation mixture, the tubes gently flicked to mix and put back on ice for 
5 minutes.  The cells were heat-shocked for 50 seconds in a 42ºC water bath before 
being placed back on ice for a further 2 minutes.  The cells were allowed to recover 
by the addition of 250 µl of SOC medium (20 g Bacto-tryptone, 5 g Bacto-yeast 
extract, 0.5 g NaCl, 2.5 ml 1M KCl, made up to 1 litre with deionised water) and 
incubation for 1 hour at 37ºC on a shaker.   
 
The transformed cells were plated out onto the prepared LB/X-gal/IPTG/Ampicillin 
plates at two different cell volumes, one using 100 µl of transformed cells and one 
using 200 µl.  Cells were spread using a metal spreader that was sterilised between 
uses by ethanol and flaming.  The plates were incubated at 37ºC for 24 hours. 
 
White colonies were selected from the plates and used for colony PCR.  In this 
process, a sterile pipette tip is used to collect a small part of colony and is then placed 
in the PCR reagent mix.  The PCR protocol was 94ºC for 2 minutes followed by 35 
cycles of 94ºC for 30 seconds, 50ºC for 30 seconds and 72ºC for 45 seconds; a final 
extension phase ran at 72ºC for 7 minutes.  The primers used were SP6 (5' – 
GATTTAGGTGACACTATAG – 3') and T7 (5' – TAATACGACTCACTATAGGG 
– 3'), which are specific for sites on the p-GEM®-T Easy vector.  PCR products were 
separated by electrophoresis on a 1% agarose gel.  Samples that produced clear, single 
bands were selected for sequencing.  Where multiple samples from a site produced 
same size bands, one was selected at random for sequencing.   
 
5.2.5 AMF spore cultures 
Roots Podocarpus cunninghamii of the same aspect at each site were amalgamated to 
form a total of 10 inoculants (north and south aspects across five sites).  Pots of 2.5 L 
volume were filled to two-thirds with a rooting medium consisting of 50% sand, 30% 
pumice and 20% low-phosphorous potting mix, all of which had been autoclaved at 
121ºC for 1 hour to sterilise.  Each pot was then inoculated with root segments before 
being filled with rooting medium.  Water (250 ml) was added to each pot and seeds of 
white clover (Trifolium repens cv Huia) were sown to provide a host plant for the 
mycorrhizal fungi to colonise.  Two control pots, free of mycorrhizal spores or 
hyphae, were also sown.  Spore cultures were initiated in July 2008.   
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A 100 ml microbial wash was also added before the pots were placed in a glasshouse.  
The microbial wash was prepared by collecting a sample of woodland soil and sieving 
it to 2 mm.  Ten % (w/v) of soil was placed in water and stirred for 2 hours.  The 
mixture was left to settle for 4 hours before being suction filtered through 
progressively finer grades of filter paper (20-25 μm > 11 μm > 6 μm).  The final grade 
is fine enough to remove all AMF spores and hyphae.  The filtrate contains bacteria, 
yeast and some soil-borne fungi but does not contain larger organisms such as 
nematodes and protozoa.  
 
5.2.5.1 Spore extraction and species identification 
The cultures were checked periodically for spore abundance by extracting soil cores 
from randomly selected pots in August and November 2008, and in January 2009.  In 
January 2009 all above ground clover material was removed and the rooting medium, 
with roots intact, left to air dry.  Once air dried, all samples were bagged and stored at 
10°C. 
 
One hundred g samples were taken from each culture and spores extracted by wet-
sieving; the 100 g sample was soaked in water for 1 hour, being stirred vigorously 
every 20 minutes.  The aqueous portion was then poured through successively finer 
sieves (500 µm > 150 µm > 50 µm).  The material that collected on the 150 µm and 
50 µm sieves was then centrifuged in 50 ml 50% sucrose solution at 1000 × g for 1 
minute.  The supernatant was then re-sieved at 50 µm before being transferred to 
Whatman grade 1 (20-25 µm pores) filter paper and viewed under a binocular 
dissecting microscope (Brundrett et al., 1996). 
 
The spores were separated to genus level according to morphological traits (Schenck 
and Pérez, 1990).  Each spore was surface sterilised by being soaked in chloramine-T 
hydrate (5% w/v) for 1 minute then washed in sterile distilled water for a further 
minute; this was repeated three times.  Spore DNA was extracted, amplified and 
sequenced.  DNA was extracted by crushing spores and using the REDExtract-N-
Amp™ Kit.  When one or two spores were crushed, 10 µl each of the extraction and 
dilution solutions were used; when between three and five spores were crushed, 15 µl 
each of the extraction and dilution solutions were used.  The PCR procedure utilised 
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the universal ITS4 and fungi specific ITS1F primers, with an annealing temperature of 
55° for 40 cycles.  A PCR optimisation process, using different numbers of known 
spores (from single species cultures), different quantities of extraction and dilution 
solutions, and altering the annealing temperature and number of cycles of the PCR 
procedure, found the above protocol to be the most reliable in producing clear bands 
after electrophoresis (H.J. Ridgway, pers. comm.).  DNA was also extracted from 
pieces of clover roots from each culture using the REDExtract-N-Amp™ (Sigma 
Aldrich Inc.) protocol detailed in section 5.2.4.1. 
 
As the above primers are not AMF specific, it was deemed desirable to use an AMF 
specific primer for sequencing.  This minimised the impact of any non-target DNA 
that may have been present in the PCR mix, thereby producing cleaner sequence data.  
Therefore, for the sequencing reaction, AMF specific internal primers were used.  For 
those with Acaulospora/Glomus morphology, primer GLOM5.8R was used, for those 
appearing to be Gigaspora/Scutellospora, primer GIGA5.8R was used.  Sequence 
chromatograms were inspected visually and lengths at the start and end of the 
sequence that had low signal intensity or were otherwise ambiguous were removed.  
The remaining sequence lengths were then queried on GenBank using BLAST.  
Sequences were assigned phylotype names following the procedure described above.  
These were included in the phylogenetic analysis (section 5.2.4.2.3) to place them in a 
New Zealand AMF context.   
 
5.3 Results 
5.3.1 Preparation of root material 
Of the five different clearing methods trialled, Method Five proved to be most 
effective at removing root pigment and thus revealing mycorrhizal structures.  Method 
Two proved the least effective, with stained roots remaining highly pigmented.  Plate 
5.1 shows the results from Method’s One, Three, Four and Five.   
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Plate 5.1 – The relative efficacy of four different methods for clearing pigment from 
fine roots of Podocarpus cunninghamii.  The labels identify features of note: n = 
Podocarpus cunninghamii root nodule, h = mycorrhizal hyphae, v = vesicle, s = 
spore.  A) Method One (×100 magnification); B) Method Three (×100); C) Method 
Four (×100); D) Method Five (×400). 
 
5.3.2 Percentage root length colonised 
All subsamples from each site were colonised by AMF, as they displayed features 
characteristic of these fungi, including arbuscules and vesicles (Plate 5.2).  The level 
of colonisation in the sampled trees varied across sites, ranging from 25% at Mt Ben 
Ohau to 45% at Birdwood Station.  Two-way ANOVA found there to be a significant 
difference between sites, with trees at Birdwood Station (north) and Mt Cook National 
Park having approximately 20% more root length colonised than the other sites (F1,38 
= 11.87, p < 0.01; Figure 5.2).  Aspect had no effect (F1,30 = 0.02, p > 0.8) and there 
was no site × aspect interaction (F4,30 = 1.19, p > 0.3). 
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Plate 5.2 – AMF structures observed with trypan blue stained Podocarpus 
cunninghamii roots. A) Irregularly lobed vesicles (×100 magnification); B) Arbuscule 
with adjoining hypha (×400); C) Irregularly lobed vesicle with adjoining hypha 
(×400). 
 
5.3.3 Molecular results with root material 
5.3.3.1 DNA amplification 
None of the grassland samples yielded PCR products in either standard or nested 
PCR.  For all Podocarpus cunninghamii samples, standard PCR with AMF-specific 
primers did not produce any visible products.  As such, only the results of the nested 
PCRs on Podocarpus cunninghamii root material are further reported.  In addition, the 
nested PCR results only refer to extraction Methods B (REDExtract-N-Amp™) and C 
(Puregene), as Method A (Chelex-100™) produced no bands.  The results of the 
primary reactions (Method A) using primers NS1–ITS4 and NS5–ITS4 are shown in 
Plate 5.3.  Primer combination NS1–ITS4 produced visible products of approximately 
v 
h
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C
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1,200 base pairs (bp) in seven out of the eight samples, and some samples contained 
multiple bands.  Primary PCR using SSUmAf–LSUmAr yielded no visible bands. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 – Percent root length colonisation (mean ± 1 s.e.) at the five different 
sampling sites: Birdwood Station north (NBS) and south (SBS), Longslip Station 
(LS), Mt Ben Ohau (MB) and Mt Cook National Park (MC).  Different letters indicate 
significant differences.   
 
From the nested PCRs, primers ACAU1660, ARCH1311 and GLOM1310 all 
produced similar results, with clear bands found across the majority of samples 
(83%); the products ranged in size from 650 to 850 bp (Plate 5.4).  Amplification with 
primers GIGA5.8R–NS5 and GLOM5.8R–NS5 produced bands of identical 
molecular weight, with a single band of approximately 500 bp in one of the Mt Ben 
Ohau samples (Plate 5.5).  Primers ARCH1375R–NS3 and GLO1375R–NS3 
produced no product at all while primer GLOM1070R–NS3 produced a single band of 
approximately 550 bp in one of the Mt Cook National Park samples (Plate 5.5).  The 
nested primer combinations of SSUmCf–LSUmBr produced a single band of 
approximately 1,500 bp, from Mt Cook National Park.   
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Plate 5.3 – Results of primary PCRs of root samples from Birdwood Station north 
(NBS), Longslip Station (LS), Mt Ben Ohau (MB) and Mt Cook National Park (MC); 
C is a negative control; M is 1 kb plus DNA Ladder™ (Invitrogen).  A) Products from 
primers NS5–ITS4; the products are approximately 1,200 bp.  B) Outcome from 
primers NS1–ITS4; no products are visible (a tear in the gel causes the anomalous 
marking). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 5.4 – Nested PCR products of root samples from Birdwood Station north 
(NBS), Longslip Station (LS), Mt Ben Ohau (MB) and Mt Cook National Park (MC).  
The arrangement of samples and lanes is the same for gels A, B and C.  A) 
ACAU1660 –ITS4; B) ARCH1311–ITS4; C) GLOM1310–ITS4; C is a negative 
control; M is 1 kb plus DNA Ladder™ (Invitrogen). 
 
ML M L MC CMNBS NBSM M
A B
L MC M NBS M
A
C
B
  135
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 5.5 – Nested PCR products from Birdwood Station north (NBS), Longslip 
Station (LS), Mt Ben Ohau (MB) and Mt Cook National Park (MC).  The 
arrangement of samples and lanes is the same for gels A, B and C.    A) GLOM5.8R; 
B) GIGA5.8R; C) GLOM1070R; C is a negative control; M is 1 kb plus DNA 
Ladder™ (Invitrogen). 
 
The samples that produced clear single bands were selected for DNA sequencing.  All 
bands, except those produced by primers GLOM1070R and SSUmCf, were faint on 
the gels, indicating weak amplification.  The DNA sequencing results for the majority 
of samples indicated that each of the sequenced bands contained multiple amplimers, 
which produced overlapping and indecipherable sequence.  There were two 
exceptions to this.  The PCR product produced by primers GLOM1070R–NS3 
produced a good quality 507 bp sequence (Method B DNA extraction).  This was 
checked on GenBank using the BLAST function, which showed that the sequence had 
99% identity to an uncultured Ascomycete fungus (EU350046).  Sequencing of the 
1,500 bp  amplimer produced by primer combination SSUmCf–LSUmBr (Mt Cook 
National Park, Method C DNA extraction) produced 120 bp of good quality sequence 
(Appendix 4) and was 95% identical to a single single Glomus phylotype 
(AF452631).  This was named Glom-01. 
 
L MC MC NBS 
A 
C 
B
M
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For those PCR products that contained amplimers of different sizes and that were 
subsequently separated by gel excision and reamplified, DNA sequencing 
demonstrated that the single bands contained PCR products derived from multiple 
fungal species (results not shown).  Due to the poor quality and overlapping sequence 
that was produced, it is not possible to say whether the mixed product comprised only 
AMF species or whether, as in the case of GLOM1070R–NS3, non-target fungal 
DNA had also been amplified.   
 
5.3.3.2 Single stranded conformation polymorphism (SSCP) 
SSCP confirmed that multiple products were present in the nested PCRs (Plate 5.6).  
An SSCP band for each of the forward and reverse DNA strands was expected.  Thus, 
PCR products appeared to contain up to five individual amplimers (Plate 5.6).  Plate 
5.6 shows the outcome of one of the gels.  The first two methods trialled to extract 
and amplify DNA directly from excised acrylamide gel slices were unsuccessful.  The 
freeze-squeeze method was successful in yielding minute quantities of DNA and was 
successfully amplified.  The sequences derived from these PCR products appeared to 
be overlapping sequences of two or more amplimers and was therefore 
indecipherable.   
 
5.3.3.3 Cloning 
A total of 40 colonies were selected at random (10 from each of the four site samples), 
subjected to PCR and run on 1% agarose gel.  A total of seven sequences of good 
quality were produced from these.  Analysis using the BLAST function of GenBank 
showed that none of the sequences were from AMF.  The PCR products generated by 
primer ACAU1660–ITS4 yielded two Basidiomycete sequences (both Butlerelfia 
eustacei, 90% identical, U85800; both from Mt Cook National Park) and a single 
Ascomycete sequence (Alternaria radicina, 99% identical, AY154704; from Mt Cook 
National Park).  The PCR products generated by primer GLOM1310–ITS4 yielded 
three Ascomycete sequence (two of Alternaria radicina, 98% identical, AY154704; 
one of an uncultured Neonectria clone, 96% identical, FJ552996; all from Mt Cook 
National Park).  The PCR product generated by primer GIGA5.8R–NS5 (from Mt 
Ben Ohau) did not match any sequence on GenBank. 
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Plate 5.6 – One of the SSCP results of PCR products containing multiple amplimers.  
MW: Kb plus Mass™ Ladder (Invitrogen).  The following nine lanes are positive 
results from nested PCR using primers ACAU1660–ITS4.  The five lanes to the right 
are positive results from primers ARCH1311–ITS4.  Arrows denote bands that were 
excised and remamplified. 
 
5.3.4 Molecular results with pot cultures 
PCR amplification of field samples proved difficult, despite optimising the PCR 
process, and it was not uncommon for the sequencing reaction to yield non-AMF 
sequences.  In an effort to circumvent this problem, sterile pot cultures of washed 
Podocarpus cunninghamii roots were established to culture the AMF from within the 
roots.  Spores generated by pot culture typically have less contaminating non-target 
fungi and DNA can be amplified directly from sterilised spores (H.J. Ridgway, pers. 
comm.).  The pot cultures produced spores (approximately 3 spores.g-1) within 4 
months (July – November 2008), however these were all immature and the cultures 
were not harvested for another 2 months (January 2009).  At harvest the spore cultures 
contained approximately 5 spores.g-1.  The cultures were left to air-dry then put in 
cold storage (10ºC) for 4 months (May 2009).  At this point several attempts to extract 
spores from the cultures failed to produce any spores, and closer examination revealed 
the stored cultures to be heavily infested with mites.  The cultures were immediately 
   MW    ACAU1660ITS4   ARCH1311ITS4 
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wet-sieved to extract all remaining spores.  Out of a total of 11 cultures, no spores 
were found in six, and <5 spores·kg-1 were extracted from each of the remaining five.  
This meant that only a very small number of spores (103) were available for PCR and 
several of these appeared damaged by mites.  
 
A total of 160 PCRs were carried out on 103 spores.  These produced a total of five 
products of between 650 and 850 bp, which were successfully sequence and queried 
on GenBank.  The sequences were shown to be comprised of two families, 
Gigasporaceae and Glomeraceae.  Of the five sequences, only two were assigned to 
named species as they fell within a clade of sequences relating to that species: Glom-
02 (Glomus intraradices; 140 bp) and Glom-04 (Glomus mosseae; 137 bp).  In total 
three Glomus phylotypes were identified: Glom-02 and Glom-03 (133 bp) came from 
Longslip Station; Glom-04 came from Birdwood Station.  Two Scutellospora 
phylotypes, Scut-01 (228 bp) and Scut-02 (251 bp), were identified from Mt Cook 
National Park and Longslip Station, respectively.  The relationship of all six obtained 
phylotypes to published New Zealand sequences (Russell et al., 2002) are shown in 
Figure 5.3.  See Appendices 3 and 4 for further sequence information; Appendix 3 
provides the BLAST neighbour joining results of each sequence; the 
electropherograms of each sequence are in Appendix 4. 
 
5.4 Discussion 
The analysis of Podocarpus cunninghamii root colonisation in combination with the 
molecular results demonstrated that Podocarpus cunninghamii in the high country 
naturally forms associations with AMF.  This is new information and adds to the 
findings of Russell et al. (2002), who found that Prumnopitys ferruginea, 
Prumnopitys taxifolia, Dacrycarpus dacridioides and Dacrydium cupressinum, all 
growing on the west coast, form associations with AMF.  The rDNA sequence data 
collected in this study confirmed that at least two lineages of AMF colonise 
Podocarpus cunninghamii; the Glomeraceae and Gigasporaceae.  Two closely related 
Scutellospora sequences were obtained (Scut-01 from Mt Cook National Park; Scut-
02 from Longslip Station).  Both Scut phylotypes do not belong to any species clade 
and so cannot be more clearly identified (Appendix 3).  The Glom-01 phylotype 
similarly did not belong to any species clade.  Neighbour joining shows that it is  
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Figure 5.3 – Phylogenetic placement of AMF associated with Podocarpus 
cunninghamii in the eastern South Island high country using previously published 
sequences of AMF associated with New Zealand podocarps on the west coast (Russell 
et al., 2002).  GenBank accession numbers are given before phylotype names.  
Numbers on branches are bootstrap values from 1,000 replications. 
 
closely related to a phylotype identified by Russell et al. (2002) on the west coast, 
suggesting shared AMF taxa between Podocarpus cunninghamii and other New 
Zealand podocarps.  Glom-04, from Birdwood Station, appears closely related to the 
Glomus mosseae clade (Appendix 3).  Within New Zealand, Glomus mosseae has 
been identified in podocarp forest on both the east (Hall, 1977) and west coast 
(Russell et al., 2002), as well as in a semi-arid region of the high country, suggesting 
it is a habitat generalist.  Glom-02 is closely related to the Glomus intraradices clade 
while Glom-03 appears to find some relation to both the Glomus intraradices and 
Glomus irregulare clades (Appendix 3); both phylotypes come from Longslip Station.  
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It is likely that phylotypes Glom-02 and Glom-03, as well as the two Scut phylotypes, 
are new records to New Zealand.   
 
The AMF sequences that were obtained were all very short (120-251 bp) compared to 
those amplified in other studies (Russell et al. (2002) obtained sequences of up to 
1709 bp).  Furthermore, several of the sequences were not very clear, with conflicting 
peaks for bases present on the electropherograms, especially for sequences Glom-01-
03 (Appendix 4).  As a result, the confidence with which the sequences can be related 
to others present on GenBank, beyond a genus level match, is low.  The presence of 
conflicting base readings suggests that more than one amplimer was present in the 
PCR product and these may represent either multiple closely related AMF isolates or 
potentially contamination from other non-target fungi.  Furthermore, more than one 
ITS region is known to exist within individual spores and as such individual spores 
can provide more than one ITS sequence (Sanders et al., 1995).  It is also possible that 
multiple AMF sequences were present within individual AMF hyphae in the roots 
(Rosendahl, 2008, Rosendahl and Stuckenbrock, 2004). 
 
The overall success of amplifying AMF sequences from Podocarpus cunninghamii 
and grassland root samples was extremely low; attempts to extract and amplify AMF 
sequences from grassland root samples completely failed.  Minimum levels of 
Podocarpus cunninghamii root colonisation were between 20-30%.  Therefore, it is 
possible that some root samples simply harboured no AMF material.  Likewise, no 
confirmation of colonisation of grassland root samples was conducted.  However, the 
possibility of there being no AMF in the grassland root samples seems low, as 
Hieracium, species of which are highly dependent on AMF (Downs and Radford, 
2005, Klironomos, 2003, van der Heijden et al., 1998a), was common in each of the 
sampled grasslands.  Compounds, such as polysaccharides, that inhibit PCR may have 
been present within root material (Rether et al., 1993, Russell et al., 2002).  Inhibition 
of PCR may also have arisen from soil residues on root material, such as humic acid 
(Tebbe and Vahjen, 1993).  Despite this reasoning, it is difficult to reconcile the 
difficulty in amplifying AMF DNA from both root and spore material given that 
numerous publications provide evidence for having successfully done so.  As a result 
it has not been possible to compare differences between remnant Podocarpus 
cunninghamii stands and grassland AMF communities. 
  141
 
An important result to arise from this research is that AMF “specific” primers 
published by Redecker (2000) and Redecker et al. (2000) were not specific.   The 
numerous instances where these primers amplified non-AMF DNA from both spore 
and Podocarpus cunninghamii root material are evidence that they amplify DNA from 
diverse fungal lineages, including the Ascomycota and Basidiomycota.  It should be 
noted that Redecker (2000) and Redecker et al. (2000) tested their primers solely on 
pot culture material, not field material.  In additions, the majority of studies 
identifying AMF by molecular methods are from the northern hemisphere, which may 
have different soils and different confounding populations of fungi.  This being said, 
caution is advised on the future use of these primers for New Zealand samples.  The 
primers published by Russell et al. (2002) were more specific to AMF than the 
Redecker primers, as they had a lower frequency of amplifying non-AMF DNA.  
However, they did amplify Ascomycete DNA, and thus cannot be considered as AMF 
specific.  The newer primers published by Krüger et al. (2009), appear to have much 
greater fidelity to AMF, as their use resulted in no instances of non-AMF DNA 
amplification.  A factor in this may be that Krüger et al. (2009) tested their primers on 
field material as well as pot culture material, including material from the southern 
hemisphere.  However, the efficacy of the Krüger et al. (2009) primers appears low, 
as only one sequence was successfully amplified from over 100 amplification 
attempts (using Podocarpus cunninghamii root material).  The Krüger et al. (2009) 
primers were not used to amplify spore DNA as the spore work was conducted and 
concluded prior to their publication.   
 
It is possible that more information on AMF community composition could have been 
collected if spore morphological identification had been undertaken.  However, 
morphological identification has low accuracy, is extremely time consuming and does 
not provide an analysis of the AMF community actually colonising plant roots (Clapp 
et al., 1995, Krüger et al., 2009, Merryweather and Fitter, 1998, Sanders, 2004).  
Therefore, even if AMF taxa were identified in the soil, based on spore morphology, it 
would not necessarily follow that those taxa colonise Podocarpus cunninghamii.  
Furthermore, delineation of the AMF community by spore morphology only reflects 
the diversity of AMF sporulating at that particular time (Clapp et al., 1995).  
Molecular methods are accurate and can identify intraradical AMF, i.e. AMF actually 
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colonising the root, and therefore offers a clearer picture of Podocarpus cunninghamii 
AMF community composition compared with spore identification.  Although it can be 
argued that the use of molecular methods can underestimate total AMF diversity as it 
only measures the diversity of AMF within a particular length of root rather than from 
a larger soil sample (Hijri et al., 2006, Redecker et al., 2003), it does provide higher 
accuracy over quantity.   
 
In conclusion, this research confirmed that Podocarpus cunninghamii does naturally 
form associations with AMF in the high country.  A total of six sequences were 
collected belonging to the genera, Glomus and Scutellospora.  Based on sequence 
identity, four of these species may be new reports for New Zealand, although 
confidence in some of them is low given their short length and high background on 
the electropherograms.  Several primers published as being AMF specific have been 
demonstrated as not being so, and caution is advised on their future use in New 
Zealand.   
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6 The effect of ex-agricultural and forest AMF on the 
growth of Podocarpus cunninghamii cuttings1 
 
6.1 Introduction 
Agricultural practices have been shown to change AMF community composition by 
shifting the community towards dominance by a single family, the Glomeraceae 
(Helgason et al., 1998, Allen et al., 1998, Oehl et al., 2003).  The Acaulosporaceae 
and Gigasporaceae, which appear to be predominantly forest or woodland AMF, tend 
to have much lower species richness within agroecosystems (Helgason et al., 1998, 
Daniell et al., 2001, Hijri et al., 2006).  The reasons for this seem related to the 
intensity of current agricultural practices and land use history.  Repeated soil 
disturbance and increased soil nutrient status can lead to increased selection of 
Glomeraceae, which have been found to tolerate higher soil nutrient levels but can be 
less mutualistic (Allen et al., 1998, Egerton-Warburton and Allen, 2000, Johnson, 
1993, Maherali and Klironomos, 2007, Oehl et al., 2003).   
 
Abandoned farmland is often subject to ecological restoration, whether by active 
planting or by promoting natural recolonisation (Cramer et al., 2008).  The change in 
AMF community composition associated with agroecosystems may lead to loss of 
AMF functional groups necessary for successful restoration of indigenous vegetation.  
If this is the case, then the change in AMF community composition would represent a 
biotic threshold potentially constraining or preventing the re-establishment of desired 
flora (Hobbs and Norton, 2004).  It is therefore important to understand whether the 
shift in AMF community composition within agricultural systems has implications for 
ecological restoration.   
 
Pre-inoculation of tree seedlings with indigenous forest AMF prior to field planting 
has been shown to improve seedling growth within abandoned agricultural systems 
(Allen et al., 2003, Allen et al., 2005).  Several other studies have found that AMF 
                                                 
1 This chapter has been published: 
Williams, A., Ridgway, H.J., Norton, D.A. (2011). Growth and competitiveness of the New Zealand 
tree species Podocarpus cunninghamii is reduced by ex-agricultural AMF but enhanced by forest 
AMF.  Soil Biology and Biochemistry, 44: 339-345. 
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from forest versus agricultural soils have equivocal effects on the growth of forest 
plants (Asbjornsen and Montagnini, 1994, Gavito et al., 2008, Uibopuu et al., 2009), 
suggesting that neither inoculum has any benefit, relative to the other, for restoration.  
However, Fischer et al. (1994) found that pasture AMF significantly enhanced growth 
of a tropical tree compared with forest AMF, suggesting pasture AMF may offer 
greater benefit.  
 
These studies investigated forest species responses to forest versus agricultural AMF 
without taking into account plant competition.  Exotic pasture species are commonly 
found on abandoned agricultural sites. These species can represent a major barrier to 
forest restoration (Cramer et al., 2008).  The outcome of plant competition is 
influenced by AMF identity (Scheublin et al., 2007).  As such, investigation into the 
effects of AMF from forests versus agroecosystems on the success of forest 
restoration should also investigate how forest plant species respond to competition; in 
particular, to competition with those plant species that limit restoration success.  
 
The objectives of this study were to 1) identify whether communities of ex-
agricultural or indigenous forest AMF had differential effects on the early growth and 
nutrient acquisition of Podocarpus cunninghamii; and 2) quantify whether these AMF 
communities could alter the competitive relationship of Podocarpus cunninghamii 
and an exotic grass, Agrostis capillaris.  Agrostis capillaris was chosen because it is 
one of several highly invasive species within the high country and is present in many 
of the ex-agricultural grasslands where Podocarpus cunninghamii restoration could 
take place.  
 
6.2 Methods 
6.2.1 Collection and propagation of cuttings 
Podocarpus cunninghamii cuttings were collected from a remnant Podocarpus 
cunninghamii forest on the west face of Mt Ben Ohau, in the Ruataniwha 
Conservation Park of south Canterbury, New Zealand (44° 10’S, 169° 53’E) during 
March/April (autumn) 2008 (see Chapter 3 for full site description).  Cuttings were 
selected based on strong apical growth amongst lateral shoots and freedom from 
visible disease or herbivorous insects.  Cuttings of 5-8 cm were clipped from semi-
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mature trees, stored within a cool box and transported to glasshouse facilities at the 
University of Canterbury, Christchurch.  Cuttings were stored at 4ºC for up to one 
week prior to propagation. 
 
The base of each cutting was treated with root promoting compound (Liba 10,000; 
active ingredient: 10 g·L-1 indolebutyric acid) and propagated by insertion into a 
heated sand bed within an unheated glasshouse.  Liquid systemic fungicide was spray 
applied to the shoots on insertion and once every two weeks thereafter (Yates 
Greenguard; active ingredients: 102 g·L-1 chlorothalonil and 125 g·L-1 thiophanate-
methyl).  A withholding period, where no fungicide was applied for four weeks prior 
to the planting out of the cuttings, was used in order to minimise any latent fungicide 
effects on AMF colonisation.  A solid fertiliser was dissolved in water (2 g·L-1) and 
applied during the withholding period.  In powder form the fertiliser contained the 
following nutrients: 15% N, 5% P, 30% K, 3% Mg, 0.025% B, 0.01% Cu, 0.07% Fe, 
0.04% Mn, 0.004% Mo and 0.025% Zn. 
 
Cuttings were watered six times daily via a misting system that ran for two minutes 
each time.  Temperatures within the rooting medium and the glasshouse were 
measured using a digital temperature probe and a glasshouse thermometer.  Minimum 
and maximum temperatures within the rooting medium were 7ºC (at 1ºC ambient 
glasshouse temperature) and 23ºC (at 28ºC ambient glasshouse temperature).  
Propagation took six months; cuttings were lifted in October (spring) 2008.   
 
6.2.2 Collection and preparation of soils 
To replicate field conditions as much as possible the experiment was conducted in a 
potting mix based on ex-agricultural topsoil collected from the South Island high 
country.  One cubic metre of Pukaki series topsoil, a humose orthic yellow-brown soil 
(Taylor and Pohlen, 1970), was collected from a formerly grazed grassland on 
Balmoral Station, west of Lake Tekapo, south Canterbury (44° 02’S, 170° 24’E).  
Pukaki series soils are well drained and characterised by a weak to moderately 
structured fine sandy loam to loamy fine sand topsoil (Webb, 1992).  The grassland is 
dominated by the native tussock Festuca novae-zelandiae, but has been heavily 
invaded by Agrostis capillaris, Anthoxanthum odoratum and Hieracium pilosella; 
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these invasive species form approximately 75% of current vegetation cover.  The site 
from where the soil was collected had experienced low intensity (<1 stock unit·ha-1) 
sheep grazing for over 100 years, but was retired from grazing in 1992 (N. Ledgard, 
pers. comm.; Egerton-Warburton and Allen, 2000).  The AMF community was also 
isolated from this soil and provided the ex-agricultural AMF inoculum (see below).   
 
Forest AMF were collected from a remnant stand of Podocarpus cunninghamii forest 
located within a low intensity sheep grazing system on Longslip Station, west of 
Omarama, south Canterbury (44° 29’ S, 169° 44’ E) (see Chapter 3 for full site 
description).  The soil is an upland yellow-grey (palliform) earth (Taylor and Pohlen, 
1970).  The site on which the remnant occurs has been grazed since the mid-1800s; 
since the 1950s it has experienced low intensity sheep grazing (<1 stock unit·ha-1) 
(Williams and Haynes, 1995).  Livestock do not appear to access the remnant, as no 
dung was identified on the forest floor.   
 
Approximately 0.01 m3 of forest topsoil and 1 m3 of ex-agricultural topsoil were 
collected.  All soil from each site was collected from the top 20 cm of the soil profile 
at a single location, once surface vegetation and organic matter was removed.  The 
two soils were kept separate by placing them in large, sealed plastic bags, and 
transported to the glasshouse facilities in a covered trailer.  Both soils were collected 
in September 2008. 
 
Before the ex-agricultural soil was used as the growing medium for the experiment it 
was pasteurised in batches in an oven at 120ºC.  Each batch, comprising five metal 
trays, was heated for four hours and turned once after two hours using a trowel that 
was cleaned with detergent between each use.  The temperature and duration of this 
treatment kills the vast majority of soil organisms, including all pathogenic bacteria 
and fungi (Hartmann et al., 1997).  A total of five 10 g samples of pasteurised soil, 
each from different batches, were taken and analysed for AMF spores.  Spores were 
isolated by wet-sieving (see below) and analysed microscopically.  No live AMF 
spore material was found.   
 
Once pasteurised the soils were immediately sieved to 2 mm, mixed in equal 
quantities with sterilised pumice (1-4 mm grade) and stored in sealed plastic bags 
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before final use; the 50:50 mix of pasteurised soil and sterilised pumice is herein 
referred to as “potting mix”.  After pasteurisation soil pH was 5.4, Olsen P was 6.2 
mg·L-1, total N and total C were 0.2% and 2.1%, respectively, and the C:N ratio was 
10.9.  For final use the potting mix was transferred to 800 ml square plastic pots 
placed on benches covered in a 5 cm deep layer of 20 mm diameter washed stones.  
The stones allowed water to drain freely beneath each pot and minimised inter-pot 
cross-contamination of AMF. 
 
6.2.3 Inoculation of plants 
The experimental design was a randomised complete block with two factors.  The first 
factor had three treatment levels (ex-agricultural AMF vs forest AMF vs non-
inoculated control); the second factor had two (+ vs – Agrostis capillaris); giving a 
total of six treatments.  All pots received a Podocarpus cunninghamii cutting with one 
of the three AMF treatments; half the pots then received Agrostis capillaris seed.  
Each pot represented one experimental unit, giving six pots per block.  There were 60 
blocks, giving 360 pots.  The position of each pot within each block was randomised, 
as too was the position of each block within the glasshouse.  The position of all pots 
and blocks was re-randomised once each month to reduce the effect of any 
microclimatic differences within the glasshouse.  The treatments were set up as 
follows: 
 
Two inoculants were prepared by extracting spores from the forest and ex-agricultural 
soils separately.  Spore concentrations of the field soils were first calculated by wet-
sieving five 100 g samples into a 53 µm sieve.  Wet-sieving to this pore size is 
standard practice for surveying natural AMF spore diversity (e.g. Requena et al., 
1996, Brundrett et al., 1996).  Spores were concentrated by sucrose centrifugation for 
one minute at 1,000 × g.  The supernatant was returned to the 53 µm sieve, washed 
with tap water and transferred to filter paper for spore counts under a dissecting 
microscope (Brundrett et al., 1996).  Once the spore concentrations for each soil were 
calculated, the required amount of each soil was then wet-sieved into a 53 µm sieve.  
Sievings were washed into the inoculum medium (the pasteurised soil/sterilised 
pumice mix) with tap water and thoroughly mixed.  The inoculants had a final 
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concentration of 12.5 spores·g-1 of media.  The inoculants were stored in a sealed 
plastic container at 4°C until use. 
 
Successfully rooted cuttings were washed with water to remove sand.  A hole was 
prepared in the potting mix of each pot and the rooting zone of the cutting placed 
within, plus 20 g of either forest or ex-agricultural AMF inoculum; control cuttings 
received 20 g of potting mix.  A small quantity of potting mix was added above each 
treatment before pressing down to firmly embed the cutting.     
 
Several studies have suggested that the presence of other soil microorganisms, 
particularly bacteria, are necessary for efficient arbuscular mycorrhiza formation (e.g. 
Artursson et al., 2006).  Thus, to encourage AMF colonisation 15 ml of an AMF-free 
microbial wash was added to each of the pots to equalise the microbial community 
across all pots.  This wash, which was prepared by suction filtering 600 g (10% w/v) 
of forest soil through progressively finer grades to a minimum pore size of 6 µm, is 
likely to have contained bacteria, yeast and some non-AMF soil-borne fungi (spores 
and hyphae), but will have excluded larger microorganisms such as AMF, nematodes 
and protozoa.   
 
After two weeks, 0.1 g of Agrostis capillaris seed was added to half the pots.  Every 
pot that received Agrostis capillaris also received an additional 20 g of ex-agricultural 
AMF inoculum.  Ex-agricultural AMF was added with Agrostis capillaris seed in 
order to imitate field conditions as much as possible.  A 2 cm radius grass-free area 
was maintained around each cutting to minimise light competition.   
 
Plants were watered twice a day thrice weekly for five minutes via a misting system.   
A misting system was chosen as it minimises splashing that might have allowed inter-
pot AMF cross-contamination.  The experiment ran for eight months (October 2008 
[spring] – June 2009 [winter]). 
 
6.2.4 Initial measurements 
Stem diameter at soil level and above ground shoot length were recorded.  Root 
material was harvested from surplus cuttings, cleared with 10% KOH and stained with 
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0.05% trypan blue solution (Brundrett et al., 1996).  The gridline intersection method 
(Giovannetti and Mosse, 1980), examining a minimum of 50 line intersections at 
×100 magnification, was used to determine if AMF colonisation had occurred while 
the plants were being propagated.  
 
6.2.5 Harvest and final measurements 
Each Podocarpus cunninghamii plant was harvested at soil level, and stem diameter 
and total shoot elongation recorded.  Grass shoots were harvested at soil level then 
placed in an oven for 72 hours at 70 ºC and weighed.  Podocarpus cunninghamii roots 
were cleared of soil by washing with water before being placed in an oven for 72 
hours at 70ºC then weighed.  Equal size fragments of fresh Podocarpus cunninghamii 
and Agrostis capillaris roots were collected randomly across all treatments and stored 
at 4ºC to determine AMF colonisation.   
 
6.2.6 Nutrient analysis 
Dried Podocarpus cunninghamii roots and Agrostis capillaris shoots were ground and 
0.1 g placed within a Kjeldahl digest tube.  One 3.5 g Kjeldahl digest tablet (Merck) 
was added per tube with 5 ml conc. H2SO4.  Samples were left overnight at room 
temperature to pre-digest.  Digestion was then carried out on an AIM500 Block 
Digestion System (A.I. Scientific) at 200°C for 30 minutes followed by 380°C for 180 
minutes.  After a cooling period, deionised water was added up to 50 ml and the 
samples vortexed.  Each solution was passed through filter paper then subjected to 
flow injection analysis (FIA) of total N and total P.   
 
6.2.7 Statistical analysis 
Podocarpus cunninghamii relative growth rates were calculated for stem diameter 
(RGRD) and shoot length (RGRL) using the equation: RGRx = (ln(xf) – ln(xi)) / t.  
Where xf and xi, respectively, are final and initial stem diameter or shoot length, t was 
the duration of the experiment in months; eight in this case.  This provided a monthly 
relative growth rate, from which an annual rate was extrapolated.   
 
While many Podocarpus cunninghamii cuttings produced new growth, many did not.  
We did not wish to remove the zeros from the data as the numbers of cuttings 
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producing zero growth appeared related to AMF treatment.  As such the growth data 
was continuous but positively skewed with many zeros.  To account for this, relative 
growth was analysed using a generalised linear model (GLM) with a compound 
Poisson error distribution (from the Tweedie family of probability distributions) 
(Jørgensen, 1997), using the statmod and tweedie R packages (Dunn, 2009, Smyth et 
al., 2009).  All significant factors and factor levels were identified through stepwise 
model simplification with subsequent analysis of deviance; non-significant factor 
levels were merged to give a pooled mean (Crawley, 2007). 
 
Final Podocarpus cunninghamii root biomass (dry weight) was analysed by analysis 
of covariance, with initial stem diameter as covariate.  Final Agrostis capillaris shoot 
biomass was analysed by analysis of variance (ANOVA).  Data were log-transformed 
where necessary to fulfil the assumptions of ANOVA.  Significant factors were 
identified through stepwise model simplification.  Significant differences (p ≤ 0.05) 
between retained factors were determined post-hoc through multiple pairwise t-tests 
using the Benjamini-Yekutieli modification, which controls for the false discovery 
rate and is considered a more powerful method of conducting multiple comparisons 
than using the family wise error rate (Benjamini and Yekutieli, 2001).    
 
Percent root length colonised was analysed by ANOVA, with the data square root 
arcsine square root transformed prior to analysis; control plants were sampled to 
confirm the absence of AMF colonisation and, because colonisation was absent, were 
omitted from the analysis.  Where significant differences were present, the data was 
analysed post-hoc with Tukey’s honest significant differences.   
 
To analyse Podocarpus cunninghamii root nutrient concentrations, the 60 blocks were 
randomly bulked to create five replicates.  These were subject to ANOVA, with the 
data log-transformed where necessary.  Significant factors were identified through 
stepwise model simplification and significant differences determined using Tukey’s 
honest significant differences.  All statistical and graphical operations were conducted 
using R version 2.10.1 (R Development Core Team, 2009).   
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6.3 Results 
6.3.1 AMF colonisation 
All Podocarpus cunninghamii plants receiving AMF were colonised by AMF (Table 
6.1); Podocarpus cunninghamii control treatments without Agrostis capillaris 
remained free from infection but those with Agrostis capillaris were colonised, due to 
the ex-agricultural AMF added at the same time as Agrostis capillaris seed.  
Colonisation levels of cuttings inoculated with ex-agricultural AMF were, on average, 
7% higher than those inoculated with forest AMF (F2,22 = 3.84, p < 0.05).  The 
presence or absence of grass had no effect on colonisation levels (F2,12 = 0.69, p > 
0.5).  Agrostis capillaris roots were also colonised by AMF; colonisation levels did 
not differ between treatments (F2,12 = 0.69, p > 0.5). 
 
Table 6.1  AMF root length colonisation (mean % ± 1 s.e.) of Podocarpus 
cunninghamii and Agrostis capillaris for the different grass and AMF treatments.  For 
each plant species, different letters after means indicate significant differences 
(p<0.05). 
Grass treatment AMF treatment Podocarpus 
cunninghamii (%) 
Agrostis 
capillaris (%) 
 Agrostis capillaris Ex-agricultural 30 ± 5a n.a. 
Forest 19 ± 1b n.a. 
Control 0 ± 0 n.a. 
+ Agrostis capillaris Ex-agricultural 27 ± 3a 27 ± 4a 
Forest 24 ± 1b 21 ± 3a 
Control 21 ± 2b 23 ± 3a 
 
6.3.2 Plant growth 
For stem diameter, cuttings inoculated with forest AMF had a growth rate just under 
twice that of those inoculated with ex-agricultural AMF or control cuttings, but model 
simplification proved this to be non-significant (F303 vs 307 = 1.67, p > 0.1).  For shoot 
growth, cuttings treated with ex-agricultural AMF suffered a significant reduction, 
with a growth rate that was half that of those treated with either forest AMF or no 
AMF (t1,307 = 3.05, p < 0.01); the forest AMF and control treatments were statistically 
equivalent (F304 vs 307 = 0.41, p > 0.7).  Grass competition was found to have a 
significant negative effect on Podocarpus cunninghamii stem diameter and shoot 
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growth, with shoot growth being up to three times higher without grass competition 
(stem diameter: t1,307  = 3.97, p < 0.001; shoot length: t1,307 = 5.65, p < 0.001; Figure 
6.1).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1  Podocarpus cunninghamii growth with AMF and grass treatments.  A: 
relative stem diameter growth; B: relative shoot growth; C: final root dry weight.  
Different letters indicate significant differences.  Bars show 1 s.e. of mean. 
 
For Podocarpus cunninghamii root production, ex-agricultural AMF and control 
treatments did not differ statistically, and their pooled mean was significantly lower 
than that of the forest AMF (t1,302 = 2.18, p < 0.05), which had approximately 25% 
more root biomass (0.21 g versus 0.26 g).  Initial stem diameter was found to have a 
significant effect on root production (t1,302 = 6.62, p < 0.001), with larger stems 
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producing more roots.  Competition with Agrostis capillaris had a significant negative 
effect on Podocarpus cunninghamii root production (t1,302 = 7.86, p < 0.001; Figure 
6.1).  The final dry weight of roots from cuttings grown without grass was 
approximately 0.1 g greater compared with those grown with grass.  Agrostis 
capillaris shoot production did not differ between any of the treatments (Table 6.2).   
 
Table 6.2 – Final Agrostis capillaris shoot biomass and nutrient levels with AMF 
(mean ± 1 .s.e.).  Different letters within variables indicate significant differences. 
Variable Ex-agricultural Forest Control 
Dry weight (g) 2.31 ± 0.079a 2.39 ± 0.079a 2.37 ± 0.093a 
N (%) 1.40 ± 0.053a 1.57 ± 0.082a 1.45 ± 0.027a 
P (%) 0.109 ± 0.007ab 0.129 ± 0.008a 0.103 ± 0.005b 
 
6.3.3 Nutrient analysis 
Podocarpus cunninghamii root N levels were unaffected by AMF treatment (F2,26 = 
1.63, p > 0.2; Table 6.3), and there was no grass × AMF interaction (F2,24 = 0.36, p > 
0.6).  Competition with Agrostis capillaris almost halved Podocarpus cunninghamii 
root N levels (F1,28 = 583.33, p < 0.001).  In the absence of Agrostis capillaris, 
Podocarpus cunninghamii root concentrations of P were equal with ex-agricultural 
and forest AMF treatments (F24 vs 26 = 2.09, p > 0.1), and were double that of the 
control treatment (t1,26 = 8.45, p < 0.001).  Competition with Agrostis capillaris had 
no significant overall effect on Podocarpus cunninghamii root P concentrations (F1,26 
= 2.02, p > 0.1; Table 6.3).   
 
Table 6.3  Podocarpus cunninghamii root nutrient levels (mean ± 1 s.e.) 
for the different grass and AMF treatments.  For each plant species, different 
letters after means indicate significant differences (p < 0.05). 
Grass treatment AMF treatment N (%) P (%) 
 Agrostis capillaris Ex-agricultural 1.72 ± 0.047a 0.086 ± 0.005a 
Forest 1.76 ± 0.064a 0.092 ± 0.008a 
Control 1.72 ± 0.054a 0.045 ± 0.002b 
+ Agrostis capillaris Ex-agricultural 1.03 ± 0.011b 0.067 ± 0.003c 
Forest 1.09 ± 0.018b 0.080 ± 0.005a 
Control 1.06 ± 0.020b 0.083 ± 0.004a 
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Agrostis capillaris shoot concentrations of N were unaffected by AMF treatment 
(Table 6.2).  Ex-agricultural AMF and control treatments did not cause any difference 
in Agrostis capillaris shoot levels of P, and their pooled mean was 17% lower than 
that achieved with forest AMF (F1,13 = 8.19, p < 0.05; Table 6.2).  
  
6.4 Discussion 
Ex-agricultural and forest AMF communities had differential effects on the early 
growth of Podocarpus cunninghamii cuttings.  Although forest AMF did not result in 
any significant increase in Podocarpus cunninghamii growth compared with controls, 
ex-agricultural AMF resulted in significantly reduced Podocarpus cunninghamii 
shoot growth.  This occurred despite the uptake of P into the roots of Podocarpus 
cunninghamii being unaffected by either AMF community.  Furthermore, when in 
competition with Agrostis capillaris, forest AMF caused a significant increase in both 
Podocarpus cunninghamii root production and root concentrations of P compared 
with ex-agricultural AMF.     
 
The significant reduction in Podocarpus cunninghamii growth as a result of 
inoculation with ex-agricultural AMF may be due to a low C:P exchange between 
fungi and plant.  When nutrients are scarce plants accumulate carbohydrates within 
root material, but when nutrients are abundant, as in agricultural soils, root 
carbohydrate allocation diminishes (Hermans et al., 2006).  A reduction in root 
carbohydrate allocation may be detrimental to AMF because they rely entirely upon 
plant photosynthate for carbon (Smith and Read, 2008).  AMF able to survive in a 
carbon-scarce environment may be more aggressive root colonisers and more 
effective at acquiring host carbon.  As such they would exert a higher plant carbon 
drain and be less mutualistic (Johnson, 1993).  Evidence for this exists; AMF that 
colonise roots in high N and P soils develop fewer arbuscules, meaning reduced plant-
AMF nutrient exchange, and more vesicles, meaning increased storage of nutrients 
within the fungus (Johnson, 1993, Mosse, 1973).  The reason that ex-agricultural 
AMF did not affect Agrostis capillaris shoot production may be because Agrostis 
capillaris has a low mycorrhizal dependency and sensitivity, as defined by van der 
Heijden (2003), as it showed no AMF treatment effect.   
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The field from where the ex-agricultural AMF were collected was retired from 
agriculture in 1992.  It would be expected that after 16 years without grazing soil 
nutrient levels would have reduced, allowing a reversal of any agriculturally driven 
changes in AMF community composition that may have occurred.  Certainly, levels 
of P in the ex-agricultural soil (6 mg·L-1 Olsen P) are as little as one-fifth the amount 
of three nearby active high country grazing systems (22-30 mg·L-1 Olsen P) (A. 
Williams, unpublished data).  Ex-agricultural AMF had a negative effect on P. 
cunninghamii growth, indicating that the AMF community remains dominated by less 
mutualistic taxa.  This suggests that reversing agriculturally driven AMF community 
changes is more difficult than simply removing grazing for several years.  Legacy 
effects of agricultural practices on AMF community composition have been 
previously recorded (Hijri et al., 2006).  Although in the agricultural field studied by 
Hijri et al. (2006), phosphate levels remained very high 12 years after a switch from a 
high fertiliser to low-fertiliser system.   
 
A paucity of forest AMF propagules in the surrounding landscape may be a reason for 
the less mutualistic nature of the ex-agricultural AMF.  A recent study found that 
similarity in AMF community composition between soil samples decreased as 
distance between samples increased, suggesting dispersal limitation may affect AMF 
community composition (Lekberg et al., 2007).  The field where the ex-agricultural 
AMF were collected lies amongst extensive grazing pastures, and the nearest 
Podocarpus cunninghamii forest remnant is 20-30 km away.  Wind dispersal of AMF 
spores has only been recorded for distances up to 2 km (Warner et al., 1987).  A 
major reason why Podocarpus cunninghamii forest is not expected to re-colonise the 
high country without direct human intervention is due to a lack of existing seed 
sources (Norton, 2006).  Such propagule limitation may also apply to AMF.   
 
Soil bacterial communities may be very important for mycorrhizal functioning 
(Artursson et al., 2006).  Urine deposition by sheep is known to have a detrimental 
effect on the structure of grassland bacterial communities (Rooney et al., 2006), 
which may in turn have negative effects on the structure and function of mycorrhizal 
communities (Rooney and Clipson, 2009).  The loss of bacterial symbionts in the ex-
agricultural field may contribute to the observed reduction in mutualism of the ex-
agricultural AMF.  The addition of the microbial wash, derived from forest soil, was 
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intended to overcome any differences in microbial communities between the two 
soils.  However, as it was extracted from forest rather than grassland it may have had 
a lower efficacy with the ex-agricultural AMF community.   
 
Under conditions of interspecific competition, forest AMF significantly increased 
Podocarpus cunninghamii root production compared with ex-agricultural AMF.  This 
difference showed that the competitiveness of Podocarpus cunninghamii within 
Agrostis capillaris grassland could be significantly increased by inoculation with 
AMF derived from Podocarpus cunninghamii forest.  The extent of Podocarpus 
cunninghamii root colonisation in the competition control pots was significantly less 
than for cuttings treated with ex-agricultural AMF as a specific treatment (Table 1).  
This result showed that reducing ex-agricultural AMF colonisation levels improved 
Podocarpus cunninghamii growth and nutrient acquisition.  This further emphasises 
the negative effect that ex-agricultural AMF had on Podocarpus cunninghamii 
growth.  These findings differ to those of Fischer et al. (1994), who found agricultural 
rather than forest AMF caused the greatest increases in tree growth; and to Gavito et 
al. (2008), who found forest and agricultural AMF resulted in equal tree seedling 
biomass production.  These contrasting results highlight the context dependence of the 
plant-AMF symbiosis, and particularly the influence that plant competition can have 
on its outcome.  The need to take into account plant competition is especially 
pertinent when considering restoration of ex-agricultural grasslands dominated by 
invasive species, as is the case here. 
 
In conclusion, the results demonstrated that the inoculation of Podocarpus 
cunninghamii with forest AMF can significantly improve the competitiveness of 
Podocarpus cunninghamii when in competition with Agrostis capillaris.  
Furthermore, in the absence of competition, ex-agricultural AMF caused a significant 
reduction in Podocarpus cunninghamii shoot growth compared with non-inoculated 
cuttings and those treated with forest AMF.  These results strongly suggest that the 
ex-agricultural AMF community is less mutualistic than the forest AMF community.  
These results have potential implications for forest restoration, where the pre-
inoculation of tree seedlings with forest AMF could improve restoration success.  The 
next step is to investigate the effects of these inocula in the field.  Accurate 
delineation of the ex-agricultural and forest AMF communities through molecular 
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diagnostics would also help provide a fuller understanding of the functional 
differences that exist between the communities.  
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7 The effect of an indigenous and a commercial AMF 
on the growth of Podocarpus cunninghamii cuttings 
 
7.1 Introduction 
It is widely recognised that AMF can play a very important role in ecological 
restoration (Jeffries et al. 2003; Jayahandran & Fisher 2008; Bothe et al. 2010).  The 
use of indigenous AMF for forest restoration has been demonstrated to improve tree 
seedling growth, survival and nutrient acquisition in both glasshouse and field 
environments (Allen et al. 2003; Allen et al. 2005; Turjaman et al. 2008; Urgiles et al. 
2009).  In addition to indigenous AMF, numerous commercially available AMF 
products are also now available.  For restoration practitioners, using such products can 
be simpler, less time consuming and cheaper than utilising indigenous populations of 
AMF, which are often uncharacterised and require collection and culturing.  However, 
commercial AMF products typically include easily cultured Glomus species that are  
often exotic to the plants and locations where they are applied (Schwartz et al. 2006; 
Mummey et al. 2009).  Furthermore, the use of exotic products for restoration can 
have negative consequences for realising the diversity of AMF found in natural 
ecosystems (Mummey et al. 2009).  A further consequence of applying exotic AMF is 
that it necessitates the introduction of non-native species that have the potential to 
become invasive (Schwartz et al. 2006).  Such introductions also have potential 
aboveground consequences, by improving the fitness of exotic plant species and thus 
allowing them to become invasive (Wolfe & Klironomos 2005; Desprez-Loustau et 
al. 2007).  These concerns are of particular importance for ecological restoration.   
 
Experiments comparing the use of indigenous versus exotic AMF have found that 
native plants generally show greater growth and nutrient acquisition responses to 
indigenous AMF rather than exotic AMF (Requena et al. 2001; Caravaca et al. 2003; 
Rowe et al. 2007).  There is also evidence that combinations of local plants with 
exotic AMF can result in negative plant growth responses more frequently than 
combinations of locally sourced plants with locally sourced AMF (Klironomos 2003).  
Interactions between plants and AMF can affect the outcome of interspecific plant 
competition (Scheublin et al. 2007) and have important implications for aboveground 
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community composition and structure (van der Heijden et al. 1998a; Stampe & 
Daehler 2003; Wardle et al. 2004).  This is of particular importance to the restoration 
of abandoned agricultural systems, where exotic plant species can severely inhibit 
restoration success (Cramer et al. 2008).   
 
In this study two AMF species were chosen to investigate the effect of an indigenous 
AMF versus an exotic commercial AMF on the growth and nutrient acquisition of 
Podocarpus cunninghamii.  The two AMF species selected were 1) Acaulospora 
laevis Gerdemann & Trappe (Acaulosporaceae), an indigenous AMF known to 
colonise Podocarpus cunninghamii within New Zealand forests (Johnson 1977), and 
2) a Glomus based AMF product originally from Australian soil.  The study compared 
the effect that the two AMF species had on Podocarpus cunninghamii growth and 
nutrient acquisition responses when grown individually, to investigate AMF specific 
effects, and in mixture with Agrostis capillaris, to investigate if the different AMF 
influenced the outcome of competition between the two plant species, the situation 
that frequently occurs in the field. 
 
7.2 Methods 
The collection and propagation of cuttings, collection and preparation of soil for the 
growth and inoculant media, the initial and final measurements, and statistical 
analysis were all the same as described in Chapter 6.   
 
7.2.1 Preparation of inoculants 
Three inoculants were prepared using the spores of two AMF species.  The first was 
Acaulospora laevis, taken from a third generation pot culture initiated from a single 
spore isolated from New Zealand soil (LU-AL1, Lincoln University Culture 
Collection, New Zealand).  Spores from this culture had been confirmed as 
Acaulospora laevis (HQ148705) by amplification of the ITS1 region of the 
ribosomoal DNA (rDNA) genes from several spores and querying this sequence 
against the GenBank database using BLAST (Zhang et al. 2000).  The other was 
extracted from a single species AMF product, stated as being Glomus intraradices 
Schenck & Smith (Glomeraceae), and isolated from Australian soil (Myco-Gro®, 
New Edge Microbials).  The identity of spores from this product had been confirmed 
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by DNA extraction (from approximately 20 spores) and amplification of the large 
subunit (LSU) of the rDNA using primers FLR3 and FLR4 (Gollotte et al. 2004).  
This sequence (HQ148704) was submitted to GenBank using the BLAST algorithm, 
where it had 99% similarity to other Glomus intraradices isolates (FJ235568, 
AJ854579, AY842577).  However, these isolates have recently been determined to 
not be Glomus intraradices, and actually belong to the Glomus irregulare clade 
(Stockinger et al. 2009).  In addition, although the commercial AMF product was 
shown to contain Glomus irregulare, it cannot be assumed that that was the only 
species present.  As such, it is herein referred to simply as ‘commercial’ AMF.  All 
inoculants were prepared to have a final concentration of 10 spores·g-1 of media.  
Spores from both sources were extracted by wet sieving to 53 µm, followed by 
transferral to the inoculum medium.  A third ‘mix’ inoculum was created by 
combining equal numbers of extracted spores from the two AMF sources.   
 
7.2.2 Inoculation of plants 
Individual pots of single Podocarpus cunninghamii cuttings were established, with 
cuttings receiving one of four AMF treatments (Acaulospora laevis vs commercial 
AMF vs mix inoculum vs non-inoculated control).  Plant mixture competition pots 
were also established where a single Podocarpus cunninghamii cutting was placed 
with 0.1 g of Agrostis capillaris seed in addition to one of the four AMF treatments.  
Therefore there were a total of eight treatments from two factors; factor one: four 
AMF treatments; factor two: two competition treatments (+ vs – competition with 
Agrostis capillaris).  There were a total of 15 replicates, giving 120 experimental 
units.  The position of each pot within each block was randomised, as too was the 
position of each block within the glasshouse.  The position of all pots and blocks was 
re-randomised once each month to reduce the effect of any microclimatic differences 
within the glasshouse.  The treatments were set up as follows: 
 
Successfully rooted Podocarpus cunninghamii cuttings were washed with water to 
remove sand.  A hole was prepared in the pasteurised soil of each experimental pot 
and the rooting zone of the cutting placed within, plus 20 g of the respective 
inoculum.  A small quantity of pasteurised soil was added above the inoculum before 
pressing down to firmly embed the cutting.  A microbial filtrate was prepared by 
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suction filtering 800 g (10% w/v) of forest soil through progressively finer grades to a 
minimum pore size of 6 µm.  Each pot received 15 ml to equalise the non-AMF 
microbial community across all pots.  After two weeks, 0.1 g of Agrostis capillaris 
seed was added to the surface of the requisite pots.  A 2 cm radius grass-free area was 
maintained around each cutting to minimise light competition.  Plants were watered 
twice a day thrice weekly for five minutes via a misting system.  The experiment ran 
for eight months (October 2008 [spring] – June 2009 [winter]). 
 
7.2.3 AMF dependency and sensitivity 
The dependencies of Podocarpus cunninghamii, in monoculture and in mixture, and 
of Agrostis capillaris in mixture, to the mycorrhizal inoculants used (dependency 
being the difference in plant growth of mycorrhizal versus non-mycorrhizal 
treatments) were calculated using above-ground biomass values in the following 
equations (van der Heijden 2003): 
 
AMF dependency =  1 – (c/ā), when ā ≥ c 
     -1 + (ā/c), when ā < c 
 
where ā is the average biomass of the inoculated treatments and c is the biomass of 
the non-AMF control treatment.  Mycorrhizal species sensitivity, which is the 
variation in plant growth response to the different AMF treatments, of Podocarpus 
cunninghamii in monoculture and in mixture, and of Agrostis capillaris in mixture, 
was also determined by calculating the coefficient of variation (the ratio of the 
standard deviation to the mean) of each plant species’ biomass in response to the 
different AMF treatments (van der Heijden 2003). 
 
7.2.4 Nutrient analysis 
Preparation of Podocarpus cunninghamii and Agrostis capillaris material for flow 
injection analysis of nutrient content followed that described in Chapter 6.  However, 
in addition to Podocarpus cunninghamii root N and P content, analysis of Podocarpus 
cunninghamii foliar N and P content was also undertaken.     
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7.3 Results 
7.3.1 AMF colonisation, dependency and sensitivity 
All Podocarpus cunninghamii cuttings in the treatments receiving AMF were 
colonised by AMF (Table 7.1); the control treatments remained free of mycorrhiza.  
There were no significant differences in colonisation levels between treatments (F1,24 
= 0.16, p > 0.6; F2,24 = 2.06, p > 0.1; and F2,24 = 1.14, p > 0.3; for grass treatment, 
AMF treatment and grass × AMF treatment respectively).  Agrostis capillaris roots 
were also colonised by AMF; colonisation levels did not differ between treatments 
(F2,12 = 2.05, p > 0.1). 
 
Table 7.1  AMF root length colonisation (mean % ± 1 s.e.) of Podocarpus 
cunninghamii and Agrostis capillaris for the different grass and AMF treatments.  
There were no significant differences in colonisation levels. 
Grass treatment AMF treatment Podocarpus 
cunninghamii (%) 
Agrostis 
capillaris (%) 
Acaulospora laevis 19 ± 2 n.a. 
Commercial 13 ± 1 n.a. 
Mix 15 ± 3 n.a. 
 Agrostis capillaris 
Control 0 ± 0 n.a. 
Acaulospora laevis 18 ± 2 18 ± 2 
Commercial 17 ± 3 12 ± 2 
Mix 14 ± 2 22 ± 5 
+ Agrostis capillaris 
Control 0 ± 0 0 ± 0 
 
Podocarpus cunninghamii and Agrostis capillaris had different AMF dependencies, 
which changed when grown in monoculture or in mixture.  Podocarpus cunninghamii 
AMF dependency when in monoculture was 35%, which became negative (-3%) 
when grown in mixture with Agrostis capillaris.  Agrostis capillaris AMF 
dependency in mixture was 1%.  Podocarpus cunninghamii had an AMF species 
sensitivity of 66% when grown in monoculture, which was reduced to 20% in 
mixture.  Agrostis capillaris in mixture had a sensitivity of 21%. 
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7.3.2 Plant growth 
The growth of Podocarpus cunninghamii cuttings inoculated with Acaulospora laevis 
and grown independent of Agrostis capillaris was 2-4 times greater than in the other 
treatments.  For both stem diameter and shoot length, differences in relative growth 
rate to commercial, mix and control AMF treatments were not significantly different 
(stem diameter: F112 vs 116 = 1.34, p = 0.264; shoot length: F112 vs 116 = 2.30, p = 0.063; 
Figure 7.1); as such, these treatment levels were combined to give a pooled mean.  
Cuttings inoculated with Acaulospora laevis had a significantly greater relative 
growth rate compared with the pooled mean treatments (stem diameter: t1,116 = 5.92, p 
< 0.001; shoot length: t1,116 = 6.38, p < 0.001; Figure 7.1).  There was no grass 
competition × AMF interaction effect on Podocarpus cunninghamii stem diameter 
growth. 
 
The final dry weight of roots from cuttings inoculated with Acaulospora laevis and 
grown independent of grass was between 0.1-0.2 g greater than in the other 
treatments.  Root production did not differ significantly between commercial, mix and 
control AMF treatments (F104 vs 115 = 0.55, p > 0.8; Figure 7.1), and was significantly 
less than root production of cuttings treated with Acaulospora laevis (t1,115 = 4.13, p < 
0.001).  Root production of cuttings grown with Agrostis capillaris was significantly 
less that those grown without (t1,115 = 6.31, p < 0.001). Initial stem diameter was found 
to have a significant effect on root production (t1,115 = 5.05, p < 0.001), with larger 
stems producing more roots.  While there was variation in initial stem diameter within 
each treatment, mean initial stem diameter was even across all treatments, meaning 
that initial stem diameter did not bias the outcome of any of the treatments.  Agrostis 
capillaris shoot production did not differ significantly between any of the AMF 
treatments (F1,56 = 0.22, p > 0.9; Table 7.2). 
 
Table 7.2 – Final Agrostis capillaris shoot biomass and nutrient levels with AMF 
(mean ± 1 s.e.).  There were no significant differences within any of the variables. 
Variable Acaulospora laevis Commercial Mix Control 
Dry weight (g) 1.91 ± 0.096 2.00 ± 0.127 1.96 ± 0.096 1.93 ± 0.105 
N (%) 1.37 ± 0.120 1.29 ± 0.083 1.42 ± 0.131 1.41 ± 0.096 
P (%) 0.123 ± 0.021 0.117 ± 0.016 0.119 ± 0.013 0.089 ± 0.013 
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Figure 7.1 – Podocarpus cunninghamii growth with AMF and grass treatments.  A: 
relative stem diameter growth; B: relative shoot growth; C: final root dry weight.  
Different letters indicate significant differences.  Bars show 1 s.e. of mean. 
 
7.3.3 Nutrient analysis 
Podocarpus cunninghamii foliar and root concentrations of both N and P differed 
significantly with treatment (Table 7.3).  For N, grass competition was found to have 
a negative effect across all AMF treatments (foliar: F1,33 = 249.86, p < 0.001; root: 
F1,34 = 398.91, p < 0.001), AMF treatment was highly significant (foliar: F2,33 = 9.24, 
p < 0.001; root: F2,34 = 8.12, p < 0.01), and there was a strong grass × AMF 
interaction (foliar: F2,33 = 12.61, p < 0.001; root: F2,34 = 16.92, p < 0.001).  In the 
absence of grass, inoculation with the commercial or mix inoculums led to a 
  165
significant reduction in both foliar and root N concentrations.  Inoculation with 
Acaulospora laevis resulted in significantly greater foliar N concentrations.      
 
For P, competition had a negative effect on only the Acaulospora laevis and mix 
treatments (foliar: F1,33 = 266.63, p < 0.001; root: F1,34 = 51.86, p < 0.001; Table 7.3).  
The commercial AMF had no effect on nutrient concentrations, being equivalent to 
levels in control plants.  In the absence of competition, Podocarpus cunninghamii 
cuttings with Acaulospora laevis and mix AMF had significantly greater quantities of 
P than those with the commercial or control treatments (foliar: F2,33 = 89.19, p < 
0.001; root: F2,34 = 44.30, p < 0.001).  Levels of N and P within the shoots of Agrostis 
capillaris were unaffected by AMF treatment (N: F3,16 = 0.31, p > 0.8; P: F3,16 = 0.91; 
p >0.4; Table 7.2).  
 
Table 7.3 – Podocarpus cunninghamii nutrient levels (mean ± 1 s.e.).  
Different letters within source and columns indicate significant differences 
(p<0.05). 
Source Agrostis capillaris AMF N (%) P (%) 
Foliar No A. laevis 1.94 ± 0.07a 0.302 ± 0.018a 
  Commercial 1.23 ± 0.16b 0.035 ± 0.004c 
  Mix 1.76 ± 0.07c 0.189 ± 0.032b 
  Control 1.59 ± 0.06c 0.048 ± 0.003c 
 Yes A. laevis 1.04 ± 0.04d 0.041 ± 0.000c 
  Commercial 1.08 ± 0.04d 0.043 ± 0.002c 
  Mix 0.90 ± 0.07d 0.034 ± 0.003c 
  Control 0.94 ± 0.04d 0.039 ± 0.002c 
Root No A. laevis 1.94 ± 0.09a 0.254 ± 0.016a 
  Commercial 1.41 ± 0.04b 0.059 ± 0.003c 
  Mix 1.58 ± 0.04b 0.118 ± 0.017b 
  Control 1.75 ± 0.07a 0.066 ± 0.007c 
 Yes A. laevis 0.97 ± 0.02c 0.065 ± 0.001c 
  Commercial 0.99 ± 0.01c 0.060 ± 0.003c 
  Mix 1.11 ± 0.06d 0.071 ± 0.012c 
  Control 0.95 ± 0.03c 0.063 ± 0.004c 
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7.4 Discussion 
Podocarpus cunninghamii had a differential early growth response to the different 
AMF treatments that was dependent on the presence or absence of plant competition.  
In the absence of competition, Acaulospora laevis caused a marked growth response, 
both above- and below-ground, that was not matched by the other AMF treatments.  
Podocarpus cunninghamii was completely unresponsive to colonisation by the 
commercial AMF, and in its presence grew as though it was uncolonised.     
 
Competition with Agrostis capillaris suppressed the differential response in 
Podocarpus cunninghamii growth (both above- and belowground) to the different 
AMF treatments.  Agrostis capillaris had a low mycorrhizal dependency, being 
unresponsive to any of the AMF treatments, and furthermore, nutrient analysis of 
Agrostis capillaris shoots showed no differences in foliar N and P content with AMF.  
In light of this, a possible explanation for the lack of response of Podocarpus 
cunninghamii to AMF, when grown with grass, is that Agrostis capillaris so 
aggressively saturated the root space available within each experimental unit that the 
sheer density of their roots allowed them to deplete the soil of P more effectively than 
the AMF could acquire it.  This outcome would be in accordance with the density 
dependent model of mycorrhizal effect proposed by Koide & Dickie (2002), and 
would also explain the dramatic grass-induced reduction in Podocarpus cunninghamii 
mycorrhizal species sensitivity.     
 
In the absence of grass competition, Podocarpus cunninghamii acquisition of soil N 
was AMF dependent.  Root concentrations of N for cuttings inoculated with 
Acaulospora laevis were equal to those of control plants; however, foliar 
concentrations were significantly greater.  It was not possible to determine whether 
the increase in foliar N was due to AMF transfer or rather a natural response to greater 
root biomass.  Irrespective, the result demonstrated that Acaulospora laevis either 
directly or indirectly increased aboveground concentrations of N in Podocarpus 
cunninghamii.  Both the commercial and mix inoculums resulted in lower root 
quantities of N compared with control plants.  Interestingly however, foliar 
concentrations of N in cuttings inoculated with the AMF mix were equal to those of 
control cuttings while those inoculated with the commercial AMF suffered a 
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reduction.  This suggests that the commercial AMF, which was based on Glomus 
irregulare, may have an antagonistic relationship with Podocarpus cunninghamii.  It 
has previously been demonstrated that certain AMF taxa can have detrimental effects 
on specific host species (e.g. Johnson 1993; Klironomos 2003; Renker et al. 2004).  
While it should not necessarily be assumed that introducing non-indigenous fungi will 
have a detrimental effect on plant growth (Gazey et al. 2004), these results do 
highlight that commercially available AMF will not necessarily enhance the growth of 
target plant species.   
 
Johnson (1977) demonstrated that the final biomass of a woody New Zealand shrub 
was, in general, greatest when inoculated with members of the Acaulosporaceae or the 
Gigasporaceae, compared with the Glomeraceae.  Kubota & Hyakumachi (2004), 
while not measuring plant responsiveness to different AMF taxa, found that when 
cucumber, tomato plants and a forest tree species were inoculated with the same soil 
inoculums, the cucumber and tomato plants had high levels of colonisation 
predominantly by Glomus species while the tree had high levels of colonisation by 
both Acaulospora and Glomus species.  Further research is needed here, as it is 
important to identify whether the loss of Acaulosporaceae within agroecosystems 
(Helgason et al. 1998; Daniell et al. 2001; Oehl et al. 2003) has ecological relevance 
for the restoration of woody communities.   
 
Future research should also manipulate the intensity of competition by using a range 
of plant densities.  This would elucidate the threshold at which, for a given suite of 
species, interspecific plant competition and AMF are limiting factors on plant growth.  
Such work has been conducted with regard to intraspecific competition, and has found 
that plant responses are dependent on both AMF presence/absence and plant density 
(e.g. Koide 1991).  More recent research has also demonstrated that density dependent 
plant responses vary across different life forms (Pérez & Urcelay 2009).   
 
In conclusion, this study has found that the early growth of Podocarpus cunninghamii 
was highly responsive to the indigenous AMF, Acaulospora laevis, and either 
unresponsive or negatively responsive to the exotic commercial Glomus-based AMF 
product.  This has potential implications for forest restoration, for example by 
improving the growth and nutrient status of seedlings within the nursery environment, 
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thereby simultaneously decreasing production times while producing more robust 
plants.  Such pre-inoculation of seedlings with specific AMF prior to field planting 
may improve the success of restoration plantings (Bothe et al. 2010).  This research 
suggests that, for Podocarpus cunninghamii, the collection and use of indigenous 
AMF may be more beneficial for native plant growth than the use of exotic 
commercial products. 
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8 A field trial of the effect of the different AMF 
inoculants on the growth of Podocarpus 
cunninghamii cuttings  
 
8.1 Introduction 
Chapters 6 and 7 took a reductionist approach to exploring the effect of AMF on plant 
growth, nutrient uptake, and interspecific competition in that they explored the effect 
of different AMF on individual cuttings of Podocarpus cunninghamii, and on the 
interaction between Podocarpus cunninghamii and Agrostis capillaris, within 
controlled glasshouse microcosms.  The aim of this chapter is to move the research 
closer towards “ecological relevance” (Read, 2003), and to investigate the potential of 
AMF for Podocarpus cunninghamii restoration in the high country itself.  To do this, 
the effect of five different AMF inoculants (introduced in Chapters 6 and 7) on the 
growth of Podocarpus cunninghamii cuttings was compared in a field trial based in 
the Mackenzie Basin. 
 
The Mackenzie Basin is a semi-arid intermontane environment receiving 
approximately 600 mm of annual rainfall.  The current vegetation is dominated by 
native tussock grasses (Festuca novae-zelandiae and Poa colensoi) heavily invaded 
by exotic forbs (Hieracium pilosella and Hieracium praealtum) (Meurk et al., 2002).  
Prior to human arrival, much of this landscape was dominated by woody vegetation, 
especially on hill slopes, with Podocarpus cunninghamii likely to have been one of 
the dominant conifer species (see Chapter 2).  The Mackenzie Basin is therefore a 
potential location for Podocarpus cunninghamii restoration.  As such, conducting a 
field trial of the effect of AMF on Podocarpus cunninghamii growth in the Mackenzie 
Basin provides the opportunity for proof of concept that is absent from the glasshouse 
based experiments. 
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8.2 Methods 
8.2.1 Experimental treatments 
At the end of the experiments described in Chapters 6 and 7 (June 2009 [winter]), a 
total of 90 Podocarpus cunninghamii cuttings were selected at random out of those 
treatments that did not include Agrostis capillaris, i.e. all the grass-free treatments.  
This provided a total of six treatments: 
 
- Acaulospora laevis 
- Commercial AMF 
- Mix AMF (50:50 mix of Acaulospora laevis and commercial AMF) 
- Ex-agricultural AMF 
- Forest AMF 
- Non-inoculated control 
 
Selected plants were kept in a misted glasshouse (watered twice a day thrice weekly 
for five minutes) for a further five months before outplanting (November 2009 
[spring]). 
 
8.2.2 Experimental setup 
Plants were transferred to and planted within an herbivore (lagomorph and 
sheep/cattle) exclosure plot in the Cass Valley on Glenmore Station, Mackenzie Basin 
(43° 48’ S, 170° 23’ E) in November 2009.  The study site was on a moderately 
sloping fan (15°, 900 m a.s.l.) in a depleted Festuca novae-zelandiae grassland.  The 
experiment was established as a randomised complete block design with one factor: 
AMF treatment, with a total of five replicates.  Plants were spaced 1 m apart in rows 
of nine, and each row placed 1 m apart.  All plants were well watered after planting.   
 
8.3.3 Measurements and statistical analysis 
The extent of AMF root colonisation presented in Chapters 6 and 7 provided an 
indication of the extent of root colonisation of the cuttings in this experiment before 
they went for outplanting (Table 8.1).  Differences in root colonisation between 
treatments were analysed by one-way ANOVA of arcsine square root transformed 
proportions.  Control plants were omitted from the ANOVA as analysis of root 
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colonisation confirmed they were AMF-free.  Significant differences between 
treatments were identified post hoc using Tukey’s honest significant differences.   
 
The growth of Podocarpus cunninghamii plants was analysed by analysis of 
covariance (ANCOVA).  Plant height after one growing season was taken as a 
function of AMF treatment, with initial height as covariate.  Stepwise model 
simplification was used to identify significant differences between treatments.  All 
statistical and graphical operations were conducted using R version 2.10.1 (R 
Development Core Team, 2009). 
 
8.3 Results 
8.3.1 Root colonisation 
The extent of root colonisation at the start of the experiment differed with each 
inoculant (Table 8.1).  The most extensive colonisation was achieved by the ex-
agricultural AMF, and this was significantly greater than the extent of colonisation 
achieved by the commercial and mix inoculants (F4,20 = 5.37, p < 0.001).  There was 
no statistical difference in the extent of colonisation between the other treatments.   
 
Table 8.1 – Root colonisation of Podocarpus cunninghamii 
cuttings prior to outplanting (mean ± 1 s.e.).  Different 
letters indicate significant differences (p<0.05). 
AMF treatment Colonisation (%) 
Acaulospora laevis 19 ± 2a,b 
Commercial 13 ± 1b 
Mix 15 ± 3b 
Ex-agricultural 30 ± 5a 
Forest 19 ± 1a,b 
Control 0 ± 0 
 
8.3.1 Height growth 
The growth of cuttings inoculated with Acaulospora laevis or forest AMF was up to 
four times greater than those treated with the commercial or mix inoculums (Figure 
8.1).  Model simplification showed that the final height of cuttings inoculated with 
Acaulospora laevis, forest AMF and mix AMF were significantly greater than those 
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inoculated with ex-agricultural AMF, commercial AMF, and non-inoculated controls 
(t5,22 = 2.95, p < 0.01).  There was a significant effect of initial plant height (F2,22 = 
5.23, p < 0.05), with plants treated with forest AMF showing the greatest growth for 
initial size (Figure 8.1).  The final height of plants treated with commercial and mix 
AMF was less than initial height, due to death of shoots.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1 – Initial and final heights of Podocarpus cunninghamii cuttings with AMF 
treatment.  Plants treated with commercial or mix AMF decreased in height.  Bars 
show 1 s.e. of mean. 
 
8.4 Discussion 
After one growing season, the growth response of Podocarpus cunninghamii 
restoration plantings was dependent upon AMF treatment.  The indigenous AMF 
treatments (an indigenous isolate of Acaulospora laevis and forest AMF) resulted in 
significantly greater Podocarpus cunninghamii growth in comparison to those 
cuttings treated with the other inoculants.  Inoculation with ex-agricultural AMF did 
not improve Podocarpus cunninghamii growth relative to controls, while the 
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commercial and mix AMF treatments actually reduced Podocarpus cunninghamii 
height.   
 
The cuttings were treated with inoculants containing different numbers of spores.  
Plants treated with ex-agricultural and forest AMF (Chapter 6) each received 250 
spores, while those treated with Acaulospora laevis, commercial and mix AMF 
(Chapter 7) each received 200 spores.  As such, comparisons between plants from 
Chapters 6 and 7 are not equal and the results should be read with caution.  However, 
the growth differences between treatments are very clear (Figure 8.1), and as such 
broad trends can be discerned.  
 
Acaulospora laevis has previously been found to colonise a wide range of indigenous 
New Zealand woody species, including Podocarpus cunninghamii, and has been 
demonstrated to significantly increase biomass production of Coprosma robusta 
compared with numerous Glomus isolates (Johnson, 1977).  The genus Acaulospora 
is most abundant in woody habitats and can be rare in grasslands and agroecosystems 
(Helgason et al., 1998, Daniell et al., 2001, Oehl et al., 2003); it is therefore possible 
that this genus is best adapted to woody hosts.  The commercial AMF had a negative 
effect on Podocarpus cunninghamii growth as a result of shoot senescence.  This 
result was also found for plants treated with mix AMF, despite the initial height of 
these plants being second only to plants treated with Acaulospora laevis.  This adds to 
the results in Chapter 7, which suggested that the commercial product, based on 
Glomus irregulare from Australia, has an antagonistic relationship with Podocarpus 
cunninghamii.   
 
Forest AMF resulted in the greatest increase in Podocarpus cunninghamii growth for 
initial plant size.  This adds further support to the results of Chapter 6, which showed 
that the competitiveness off Podocarpus cunninghamii within a grassland system was 
significantly improved by inoculation with forest AMF.  The AMF isolated from ex-
agricultural soil resulted in no increase in Podocarpus cunninghamii growth 
compared with the non-inoculated control.  This is despite the ex-agricultural AMF 
having the greatest extent of root colonisation of all the treatments at the start of the 
trial.  This indicates that there is no obvious relationship between the extent of root 
colonisation and plant growth, and suggests that functional differences may exist 
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between the AMF taxa present within the different AMF treatments used.  AMF that 
aggressively colonise plant roots have been demonstrated to exert a greater carbon 
drain on host plants (Graham and Abbott, 2000), which may explain the reduction in 
Podocarpus cunninghamii growth with ex-agricultural AMF compared with forest 
AMF and Acaulospora laevis.   
 
Overall, the results of this field trial reinforce the results of Chapters 6 and 7.  The 
differential growth responses caused by the AMF treatments may have important 
implications for Podocarpus cunninghamii restoration.  The results suggest that AMF 
isolated from a Podocarpus cunninghamii forest remnant will increase the likelihood 
of Podocarpus cunninghamii restoration success by improving shoot growth.  
However, there are limitations to the results.  The results only present data from one 
growing season; as such it is not possible to identify whether the growth responses are 
a direct result of AMF effects in the field or a legacy of nursery treatment.  
Measurements collected over successive growing seasons would provide this data.  In 
addition, only height measurements were taken, thus root biomass and plant nutrient 
status are not taken into account.  Despite this, the results do highlight the potential 
benefits to restoration of applying appropriate AMF to Podocarpus cunninghamii 
while within the nursery environment.  Those plants treated with Acaulospora laevis 
and forest AMF produced significantly greater growth in the first year after 
outplanting.  This indicates their increased ability to overcome transplant shock and 
establish once planted in the field.  Repeated measurements of these plants over 
successive seasons will provide further insight.   
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9 Current nursery practice with regard to 
mycorrhizae and the propagation of New Zealand’s 
native plants1 
 
9.1 Introduction 
The majority of New Zealand’s plant species develop associations with AMF, 
including the Podocarpaceae, many forest angiosperms and native grasses (Baylis, 
1967, Crush, 1973).  Nothofagus species form purely ectomycorrhizal (ECM) 
associations, while Kunzea ericoides and Leptospermum scoparium are unusual 
amongst the flora by forming both (Orlovich and Cairney, 2004).  The biology of 
AMF and ECM are very different; for example AMF sporulate within the soil or 
within plant roots while ECM produce wind-dispersed spores from above-ground 
fruiting bodies (Smith and Read, 2008).  Furthermore, because AM access inorganic 
rather than organic nutrient sources, their hyphae proliferate within mineral soil; 
conversely ECM access more organic nutrient sources (Smith and Read, 2008), thus 
their hyphae proliferate within the litter layer.  Mineral soil therefore contains more 
AM material while leaf litter contains more ECM. 
 
Plants with mycorrhizae can have increased growth rates compared with non-
mycorrhizal equivalents, due mostly to increased soil phosphorous uptake (Smith and 
Read, 2008).  Mycorrhizae can also reduce a plant’s vulnerability to disease (Whipps, 
2004).  Application of mycorrhizae to seedlings has been demonstrated to improve 
establishment and early growth of restoration plants, covering grassland (Richter and 
Stutz, 2002), shrubland (Requena et al., 2001) and forest (Allen et al., 2005).   
However, while mycorrhizae can have beneficial plant effects, the association is not 
always a mutualism.  The symbiosis lies on a mutualism-parasitism continuum 
depending on the specific plant-fungus combination (Johnson et al., 1997); thus, 
certain mycorrhizae can reduce plant growth.   
 
                                                 
1 This chapter has been published: 
Williams, A. (2010). Current nursery practice with regard to mycorrhizae and the propagation of New 
Zealand’s native plants.  Ecological Management and Restoration, 11: 220-223. 
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As a consequence of the potential benefits brought by mycorrhizae, there is 
considerable interest in their use in industrial plant propagation for ecological 
restoration.  Numerous commercial inoculants are available; however these are 
typically based on easy-to-culture isolates from a particular location within a single 
country.  When sold outside of their native range these products form novel 
mycorrhizae with the indigenous flora (Mummey et al., 2009, Schwartz et al., 2006).  
Research has shown that exotic mycorrhizae do not always increase growth of native 
plants (Requena et al., 2001), and that non-native mycorrhizae are not always able to 
survive in environments dissimilar to their native habitat (Gianinazzi and Vosátka, 
2004).  Also, the ecological consequences of introducing non-native mycorrhizae to 
new habitats is unknown (Schwartz et al., 2006).  These are important considerations 
for ecological restoration.  In addition, interest in collecting and using indigenous 
mycorrhizae for native plant production has been increasing, both within New 
Zealand (Williams, 2009) and internationally (Corkidi et al., 2008).   
 
In light of the increasing use of mycorrhizae to assist native plant propagation, the 
differences in biology of AMF and ECM, and the availability of off-the-shelf 
inoculants, a survey of native plant nurseries with regard to mycorrhizae usage was 
undertaken.  The nurseries surveyed provide a large proportion of their stock for 
ecological restoration (Davis et al., 2009), thus the survey provides an overview of 
current nursery mycorrhizae usage for those nurseries with a prominent role in 
ecological restoration in New Zealand.  The purpose of the survey was to ascertain: 
 
1) The extent of mycorrhizae application within native plant nurseries. 
2) If native nurseries collect indigenous mycorrhizae or purchase off-the-shelf 
products.   
3) Whether nurseries appreciate the difference between AMF and ECM. 
4) If nurseries are maximising efficiency with regard to mycorrhizae application. 
5) If fungicide use is common practice. 
 
The responses made it possible to compare nursery mycorrhizae practice with current 
scientific knowledge, to see, for those nurseries that do invest in mycorrhizae, whether 
they are investing their resources to greatest effect.   
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9.2 Methods 
Twenty-two native plant nurseries were contacted in New Zealand’s North and South 
Islands.  Eighteen were selected from the Davis et al. (2009) database (the total 
number of nurseries in the database), three were found from top Google search hits for 
the query “New Zealand native plant nursery”, and one was identified through a 
personal contact (D.A. Norton).  While the survey does not cover every native plant 
nursery in New Zealand, it does cover all the major nurseries that together produce 
over 700,000 plants annually for ecological restoration purposes (N. Ledgard, pers. 
comm.) and provides almost complete geographical coverage of New Zealand.   
 
Questionnaires were emailed to either the owner or manager of the individual 
nurseries, with a single reminder email sent to those who did not respond after one 
month.  In every case, the person whom the questionnaire was sent completed the 
response.  These questions were asked verbatim: 
 
1) Are you familiar with the term mycorrhiza and what they do? 
2) The use of mycorrhiza: 
a. Are mycorrhiza incorporated into the propagating medium at any 
stage?   
b. If yes, at what stage?  E.g. at initial sowing of seed/insertion of 
cuttings, or when plants are ‘upgraded’ to larger containers. 
c. Are commercially available mycorrhiza products used or is material 
collected from forests?   
d. If material is collected from forests, what is collected?  Leaf litter, soil 
(what depth?)? 
e. How are the mycorrhiza incorporated into the propagating medium?  
E.g. 50:50 mix with propagating medium. 
3) Are fungicides used?  If so, at what frequencies and what type (e.g. once a 
year, foliar applied, systemic action) 
4) How would you rate the overall importance of mycorrhiza to plant growth 
(speed of growth, health of plant), where 0 indicates “of no importance”, and 
10 indicates “extremely important”? 
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Within New Zealand, the leaf litter and top surface of the soil (highly decomposed 
organic matter) is referred to as ‘duff’.  In the questionnaire, ‘soil’ refers to the top 
soil – up to 20 cm depth, including but not limited to duff. 
 
9.3 Results 
Eleven questionnaires were returned, giving a response rate of 50%.  Five responses 
were from North Island, six from South Island.  Questions were not always answered, 
or answered in a format not allowing analysis (e.g. a non-numerical answer to 
question four).  This further reduced the sample size for individual questions; sample 
sizes for each question are provided in Figure 9.1.    
 
Nine of the responding nurseries (82%) actively incorporate mycorrhizae into their 
propagation setups (Figure 9.1A).  Of this nine, one utilises off-the-shelf products 
exclusively while the majority collect their own (67%) (Figure 9.1B); the remainder 
use both collected and commercial inoculums (22%).  Of those collecting 
mycorrhizae, the majority collect duff or top soil (33% each) (Figure 9.1C).  Of the 
nine that use mycorrhizae, 56% incorporate inoculum when pricking out (Figure 
9.1D), which is when seedlings are lifted from seed trays and individually potted.  Of 
those that responded to question three, 63% use fungicides (Figure 9.1E). 
 
Seven nurseries provided a numeric response to question four, and rated the overall 
importance of mycorrhizae to plant growth very highly – the average response was 
9.1 ± 0.4 (1 s.e.).  Of those not giving a numeric response, one felt mycorrhizae were 
not important within nurseries but carried a value of 8-10 post-planting; another 
thought they were only important for Nothofagus; a third felt more research was 
required to better understand their importance. 
 
9.4 Discussion 
The survey response rate (50%) highlights the fact that the results provide limited 
coverage of New Zealand’s native plant nurseries.  This being said, the survey does 
provide insight into current New Zealand native nursery practice with regard to the 
use of mycorrhizae.  The results show the majority of nurseries surveyed are aware of 
the value of mycorrhizae and actively attempt to incorporate them into their  
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Figure 9.1 – Questionnaire responses to the 
following questions: A –Do nurseries 
actively incorporate mycorrhizal fungi into 
their propagation setups?  B – Where are 
mycorrhizal fungi sourced from?  C – What 
type of inoculant is used?  D – When is the 
inoculant incorporated into the propagation 
setup?  E – Is fungicide used during plant 
propagation? 
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propagation setups.  In addition, more nurseries expend time and resources collecting 
indigenous mycorrhizae than use commercial products.  This is encouraging, 
particularly because many of the plants are used in ecological restoration projects.  
The benefits of non-indigenous mycorrhizae can be limited as well as have unknown 
ecological consequences (Gianinazzi and Vosátka, 2004, Schwartz et al., 2006).  
Indigenous mycorrhizae can also dramatically improve the growth of indigenous 
plants compared with non-mycorrhizal plants or those treated with exotic mycorrhizae 
(Requena et al., 2001). 
 
However, despite the majority of nurseries using indigenous mycorrhizae, their efforts 
in collecting them may be being wasted.  Two primary sources of inoculum are used: 
duff or top soil.  As described earlier, duff is the leaf litter and highly decomposed 
organic matter on the soil surface.  Given the differences in the biology of AMF and 
ECM, duff is unlikely to contain quantities of infective AMF material necessary to 
initiate ecologically representative mycorrhizae.  Furthermore with regard to AMF, 
duff consists mainly of spores rather than hyphae and will therefore only reflect the 
diversity of AM sporulating at the time of collection; this is not necessarily 
representative of the true diversity of the AM community (Clapp et al., 1995, Smith 
and Read, 2008).  To collect diverse AM material, the top soil to a depth of 10-20 cm 
is required.  This ensures the rhizosphere, which contains the majority of AM 
infective material, is adequately sampled (Corkidi et al., 2008).   
 
Notwithstanding the concerns about duff being a poor AMF inoculum, it is important 
for ECM.  ECM access organic as well as inorganic nutrient sources (Smith and Read, 
2008), thus their hyphae proliferate in the litter layer.  Their spores are also dispersed 
above-ground.  Therefore, unlike AMF, duff is vital to ensure mycorrhizal 
colonisation of Nothofagus.  
 
The results show that current practice invests unnecessary time and effort in 
attempting mycorrhizal colonisation.  The majority of respondents indicated they add 
inoculum when transferring plants from seed beds or cutting trays to individual 
containers.  To maximise mycorrhizal benefit, inoculum should be incorporated as 
early as possible, i.e. within seed beds or cutting trays (Gianinazzi and Vosátka, 
2004).  This maximises plant benefit and reduces both the quantity of mycorrhizal 
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material and time needed to inoculate a given number of plants.  Once inoculated, 
plants carry their mycorrhizae with them when they are repotted. 
 
The majority of nurseries regularly apply fungicide.  This is understandable given the 
losses that could occur if a root pathogen were to proliferate unchecked.  However, 
the use of soil and systemic fungicides are likely to detrimentally impact mycorrhizae.  
Research also indicates that appropriate mycorrhizal inoculation can reduce the 
occurrence of fungal pathogens (Whipps, 2004), meaning mycorrhizae could 
potentially reduce fungicide usage within nurseries.  Research is needed to explore the 
benefits of fungicide versus early mycorrhizal inoculation for limiting plant losses 
from root pathogens. 
 
In summary, New Zealand’s native plant nurseries appreciate the importance of 
mycorrhizae for plant propagation and subsequent plant survival after sale.  However, 
the full benefits of utilising indigenous mycorrhizae could be enhanced by a greater 
understanding of both the associations that different plant species form and the 
biology of the different types of mycorrhizae. 
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10 Estimating carbon stocks in stands of Podocarpus 
cunninghamii 
 
10.1 Introduction 
As part of the global effort to confront climate change numerous countries became 
signatories to the Kyoto Protocol, which commits countries to reducing their carbon 
emissions (UNFCC 1998).  The Protocol requires signatory countries to monitor 
changes in their carbon stocks (gains and losses), including those associated with 
indigenous forests.  As a result there is increasing interest in the quantity of carbon 
stored within New Zealand’s indigenous forests, encompassing both new (restored 
and regenerating) and old growth forests (Coomes et al. 2002; Carswell et al. 2008).   
 
Prior to human arrival the eastern South Island high country was forested (McGlone 
1989; McGlone 2001; McGlone 2004).  Outside of the areas dominated by 
Nothofagus, Podocarpus cunninghamii forest was the main forest type (see Chapter 
2).  Human activity, primarily burning, has converted most of the pre-human cover of 
Podocarpus cunninghamii forest to grassland, however remnant stands still remain.  
This conversion of forest to grassland would have resulted in massive losses of 
carbon.  On a per hectare basis, living carbon stocks within forests are substantially 
greater than grasslands (Tate et al. 1997), due simply to the difference in biomass of 
trees and grasses.  Consequently, remnant high country stands of Podocarpus 
cunninghamii may represent significant point sinks of carbon in comparison to 
adjacent induced grasslands; however, little is known of their carbon stocks.  
Collation of such information is necessary not only for inventories of existing carbon 
stocks, but also to appreciate the potential of restoration of this forest type to increase 
carbon stocks. 
 
Estimates of the total amount of carbon stored within New Zealand’s different 
indigenous vegetation types are available.  These have tended to be coarse-scale 
estimates based on broad definitions of vegetation types.  For example, based on 
above- and below- ground estimates of plant biomass, highland podocarp-broadleaved 
forest has been estimated as containing 274.5 tonnes per hectare (t·ha-1) of carbon 
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(Tate et al. 1997).  This forest type includes, but is not limited to, upland Podocarpus 
cunninghamii-Griselinia littoralis forests, as defined by Leathwick (2001) (Carswell 
et al. 2008).  However, the study by Tate et al. (1997) was not based on field biomass 
measurements.  Instead, they used the Vegetation Cover Map of New Zealand 
(Newsome 1987) in combination with National Vegetation Survey (NVS) data and 
available literature to determine and interpolate biomass and carbon values for 
indigenous forest types.  More recently, carbon stocks within South Island forest and 
shrublands have been estimated using field measurements (Coomes et al. 2002).  
They followed a transect starting within intact forest on the west coast and finishing in 
the human induced semi-arid shrublands east of the Main Divide.  Their estimates of 
combined above- and below-ground living carbon stocks were 174 t·ha-1 in forest and 
26.7 t·ha-1 in shrubland.  The carbon stock estimates of Coomes et al. (2002) are 
almost certainly at least partly derived from forest and shrubland associations 
containing Podocarpus cunninghamii.  However, they do not provide information on 
the different forest or shrubland classes included in their sampling.  The only figure 
available relating specifically to Podocarpus cunninghamii comes from Podocarpus 
cunninghamii-Nothofagus solandri-Phyllocladus alpinus forest at Twizel, where live 
carbon stocks were estimated at 160 t·ha-1 (Kirschbaum et al. 2009), based on forest 
biomass models (Hall & Hollinger 2000).  To gain a more complete picture of carbon 
stocks within high country stands of Podocarpus cunninghamii, information from 
more than one site is required.  
 
In the last few decades increasing areas of grazing grassland have been retired and 
placed within the New Zealand government’s public conservation estate (DOC 2010).  
As a result there are now extensive grassland areas with the potential to restore pre-
human forest flora (Walker et al., 2009).  In addition to the Crown Estate, private land 
also has the potential for indigenous restoration through the afforestation of 
unproductive and erosion-prone marginal lands (Kirschbaum et al. 2009).  Although 
indigenous tree species have lower carbon sequestration rates than exotic species, 
indigenous afforestation of grasslands could contribute significantly to the 
government’s Kyoto carbon reduction commitments (Kirschbaum et al. 2009).  Such 
restoration would have additional benefits in terms of soil erosion control, 
enhancement of indigenous biodiversity, as well as provide a potential income source 
to landowners through the Permanent Forest Sink Initiative (MAF 2007).  In light of 
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the evidence for the composition of the pre-human high country forest flora, 
indigenous forest restoration in the high country is likely to incorporate Podocarpus 
cunninghamii.  Estimating the carbon sequestration rate of Podocarpus cunninghamii 
is therefore necessary to estimate the contribution that its restoration could make to 
carbon storage within these environments.   
 
The aim of this research was to estimate the carbon stocks held within the living 
biomass of Podocarpus cunninghamii within several high country remnants, based on 
field measurements to estimate standing biomass.  Estimates of carbon stocks are 
presented for Podocarpus cunninghamii stands along a west-east high country rainfall 
gradient.  In addition, mensurational data were combined with tree ring counts to 
model Podocarpus cunninghamii diameter increment over a 100 year period.  From 
this was derived a first estimate of Podocarpus cunninghamii carbon sequestration 
rates in the high country.  This data is then considered within the context of ecological 
restoration and New Zealand’s Kyoto commitments. 
 
10.2 Methods 
10.2.1 Data collection 
All of the data used in this study is based on the population dynamics dataset of 
Chapter 3 (section 3.2.2.2).  As such all the data comes from six sites: Birdwood 
Station, Mt Ben Ohau, Mt Dobson, Mt Cook National Park, the Upper Lawrence and 
the Upper Hapuku (see Chapter 3 for site descriptions); a summary of each stand is 
given in Table 10.1.   
 
Table 10.1 – Stand characteristics of Podocarpus cunninghamii at the six study 
sites.   
Site Altitude 
(m) 
Plot size 
(ha) 
Stem density  
(stems·ha-1) 
Basal area 
(m2·ha-1) 
Average 
height (m) 
UH 850 0.2 250 35.29 9.90 
UL 850 0.2 250 44.65 12.25 
MC 800 0.4 125 6.17 6.97 
MD 850 0.21 238 14.13 6.05 
MB 750 0.12 416 10.02 4.04 
BS 700 0.05 1000 6.27 3.68 
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10.2.2 Estimation of living carbon stocks 
The procedure to estimate carbon stocks followed that of Coomes et al. (2002), 
Kirschbaum et al. (2009) and Carswell et al. (2009), all of whom estimated carbon 
stocks of New Zealand forest flora.  Firstly, aboveground tree biomass (AGB) was 
estimated by using dbh and height data in the following equation: 
 
AGB = 0.0000598 × ρ × (d2h)0.946 × (1 – 0.0019d) + 0.03d2.33 + 0.0406d1.53  
          (Eqn 10.1) 
 
Where d is dbh (cm) and h is tree height (m); ρ is wood density (kg·m-3).  No 
published data is available for Podocarpus cunninghamii wood density.  As such, the 
average wood density derived for the closely related Podocarpus totara in Northland 
(446 kg·m-3) was used instead (Bergin et al. 2008)1.  The root biomass of each tree 
was assumed to be 25% of aboveground biomass, and together gave total tree 
biomass.  Total tree carbon stock was then assumed to be 50% of total tree biomass.  
Individual tree carbon stocks were then summed for each plot, giving a plot carbon 
stock.  Plot carbon stocks were then multiplied by 1/plot size (Table 10.1), to give a 
tonnes per hectare (t·ha-1) carbon stock for each site.  The differences in carbon stocks 
with LENZ derived annual soil moisture deficits were analysed by linear regression. 
 
10.2.3 Estimation of carbon sequestration rate 
Counts of tree rings were undertaken on all cores that reached the pith, allowing as 
complete a chronology of rings as possible to be analysed.  The width (mm) of every 
block of 10 rings was measured, providing a rate of radius increment for each 10 year 
period of each tree’s life to the present day.  This increment was doubled to provide a 
diameter figure.  The mean growth rate for each 10 year period was then calculated 
for all cores.  All data over 120 year’s age was excluded due to the paucity of 
samples.  Mean diameter annual increment (MAI) was then modelled using the 
following equation (where a is age in years): 
 
MAI = 0.000000655a3 – 0.000237a2 + 0.0173a + 1.16   (Eqn 10.2) 
                                                 
1 Given the much slower growth rate of Podocarpus cunninghamii compared with Podocarpus totara, 
using Northland Podocarpus totara wood density is likely to underestimate high country Podocarpus 
cunninghamii wood density.   
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Cumulative MAI was then used to estimate Podocarpus cunninghamii diameter 
increment with age.  The relationship between Podocarpus cunninghamii dbh and 
height was modelled using a log-log linear regression.  This relationship was then 
used to predict Podocarpus cunninghamii height at the respective diameters in the 
cumulative MAI model.  These predicted diameters and heights were then used in the 
process described in 10.2.2, along with two example stocking densities (250 stems·ha-
1 and 1000 stems·ha-1), to estimate per hectare carbon stocks over a 100 year period.  
Both per hectare carbon stocks were divided by the average cosine of the slopes of all 
sites.  All modelling, statistical analysis and graphing were done using R version 
2.10.1 (R Development Core Team 2009).   
 
10.3 Results 
10.3.1 Estimation of living carbon stocks 
A total of 50 trees were sampled at each of the six study sites, giving a total of 300 
sampled trees.  Per hectare estimates of above- and below-ground carbon within 
Podocarpus cunninghamii at the six study sites are shown in Table 10.2.  Per hectare 
carbon stocks are highest at sites with the greatest basal area.  Thus, the greatest unit 
quantities of carbon are stored at Upper Lawrence and Upper Hapuku, while the 
lowest are at the driest site, Birdwood Station.  The overall mean carbon stock across 
all sites was 51.9 ± 6.5 t·ha-1 (± 1 s.e.).   
 
Table 10.2 – Carbon stocks of Podocarpus cunninghamii at the six study sites.   
Site Altitude 
(m) 
Stem density 
(stems·ha-1) 
Soil moisture 
deficit (mm·yr-1) 
Min. 
temp. (ºC) 
Per hectare C 
stock  (t·ha-1) 
UH 850 250 0.00 -1.53 100.5 
UL 850 250 0.00 -1.95 130.1 
MC 800 125 0.00 -2.30 17.3 
MD 850 238 0.00 -2.30 38.0 
MB 750 416 30.13 -2.45 18.2 
BS 700 1000 98.73 -3.07 7.3 
 
The data from Mt Cook National Park had a strong skewing effect on the data, as it 
has no annual soil moisture deficit and a small carbon stock.  Its removal from the 
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model drastically improved the trend, showing a significant negative relationship of 
decreasing carbon stocks with increasing annual soil moisture deficit (t1,3 = -3.21, p = 
0.049) (Figure 10.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10.1 – Relationship between carbon stocks and annual soil moisture deficit.  
A: All six sites; B: Excluding Mt Cook National Park. 
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10.3.2 Estimation of carbon sequestration rate 
A total of 47 trees were used to model MAI (Figure 10.2A).   The data was heavily 
biased towards trees aged 10-50 years (mean n per 10 year age class = 44), with less 
data available for trees 60-100 years (mean n per 10 year age class = 16); only a few 
trees provided data for 110-160 years (mean n per 10 year age class = 2). In addition, 
the data is heavily biased towards sites with colder and drier growing conditions; of 
the 47 trees sampled, 25 come from the dryland sites Birdwood Station and Mt Ben 
Ohau; 11 come from Mt Cook National Park, which like Birdwood Station and Mt 
Ben Ohau has significantly lower winter minimum temperatures compared with 
Upper Lawrence and Upper Hapuku (Table 10.2, Chapter 3).  MAI shows a trend of 
increasing diameter increment to a maximum of 1.5 mm after 50 years, before steadily 
declining to 1.2 mm at 100 years.  Cumulative MAI is shown in Figure 10.2B; the 
expected dbh of a tree after 100 years is 14.3 ± 1.4 cm (± 95% CI).  The relationship 
between dbh and height, based on the full dataset (n=300), is shown in Figure 10.3.  
The predicted height of Podocarpus cunninghamii after 100 years is 5.2 ± 0.2 m (± 
95% CI) (based on dbh of 14.3 cm). 
 
The estimated carbon stock of a single Podocarpus cunninghamii tree after 100 years 
(14.3 cm dbh and 5.2 m height) is 20.2 ± 4.2 kg·m-3 (± 95% CI).  The per hectare 100 
year carbon stocks of stands of trees at 250 and 1,000 stems·ha-1, as well as their 
annual carbon sequestration rates, are given in Table 10.3.  The annual sequestration 
rate for both stocking densities is low, and is four times greater for 1,000 stems·ha-1 
compared with 250 stems·ha-1.  
 
Table 10.3 – Per hectare carbon stocks of 100 year old hypothetical stands of 
Podocarpus cunninghamii at two different stocking densities, and their annual 
sequestration rate (± 95% CI). 
Stocking density 
(stems·ha-1) 
Annual sequestration rate 
(t·ha-1·yr-1) 
Per hectare C stock 
(t·ha-1 after 100 years) 
250 0.1 ± 0.02 9.0 ± 1.9 
1,000 0.4 ± 0.08 36.0 ± 7.6 
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Figure 10.2 – A: Mean annual increment of high country Podocarpus cunninghamii (solid line).  The points show mean annual increment for 
each 10 year age class ± 1 s.e.  No error bars are shown over 120 years as points are based on single trees; B: Cumulative MAI.  The dotted lines 
on both Figures show the 95% confidence interval.
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Figure 10.3 – A: log-log relationship of dbh and height; B: unlogged relationship of dbh and height.  The dotted lines on both Figures show the 
95% confidence interval. 
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10.4 Discussion 
10.4.1 Estimation of living carbon stocks 
The results here provide a first estimate of live above- and below-ground carbon 
stocks within high country stands of Podocarpus cunninghamii.  The mean carbon 
stock value of 51.9 ± 6.5 t·ha-1 (± 1 s.e.) is much lower than those previously 
published for New Zealand’s indigenous forests; Tate et al. (1997) estimated 274.5 
t·ha-1 and Coomes et al. (2002) estimated 174 t·ha-1.  However, Tate et al. (1997) 
assigned their figure to highland podocarp-broadleaf forest arbitrarily, while the 
Coomes et al. (2002) study included biomass values of all tree species within plots 
and also sampled west coast stands with much greater biomass.  The present study 
only measured the biomass of Podocarpus cunninghamii.  It is also somewhat unfair 
to compare the carbon stocks of intact west coast forest against the low biomass 
stands of Podocarpus cunninghamii in the eastern drylands.  The high country climate 
varies widely; areas close to the Main Divide receive high levels of annual rainfall 
(>2,000 mm) while further east annual rainfall declines to <600 mm.  The eastern 
drylands, which were particularly susceptible to historical fire-driven forest loss 
(McGlone 1989), have been heavily deforested and surviving stands are highly 
degraded.  In contrast, areas close the Main Divide still support extensive stands of 
relatively intact Podocarpus cunninghamii forest (Wardle 1991).  Stocks of carbon 
are lower within degraded versus intact forest (Gibbs et al. 2007), and as such per 
hectare stocks of carbon within remnants closer to the Main Divide would, in general, 
be expected to be greater than stocks further east. 
 
It is likely that the figures given for the relatively intact stands of Podocarpus 
cunninghamii in the wetter parts of the high country are likely to more closely 
resemble published figures of indigenous forest carbon stocks.  On the other hand, the 
degraded stands in the drylands are likely to more closely resemble published figures 
of indigenous shrubland carbon stocks.  This certainly appears to be the case; Upper 
Lawrence and Upper Hapuku, which are both closed canopy stands, have estimated 
carbon stocks of 130.1 and 100.5 t·ha-1, respectively.  Podocarpus cunninghamii is by 
far the largest species in these forests, and the majority of standing biomass is 
probably held within them.  As such, these estimates can be seen as conservative 
minimum estimates of live carbon within these wet and relatively mild forests.  In 
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addition, these estimates ignore soil carbon pools, which can represent a substantial 
amount of additional carbon, although less than the standing pool (Carswell et al. 
2008; Kirschbaum et al. 2009).  With regard to the dryland sites, the estimated carbon 
stocks of Mt Ben Ohau and Birdwood Station are 18.2 and 7.3 t·ha-1, respectively, 
which are similar to the 26.7 t·ha-1 published for indigenous eastern shrublands, of 
which 5.9 t·ha-1 was contributed by trees  (Coomes et al. 2002).  Again, the figures 
derived in the present study only include the contribution of Podocarpus 
cunninghamii, thus ignoring the actual shrubland component; although it is considered 
that the shrubland component would be relatively minor.   
 
Despite the estimates of carbon stocks in the dryland stands appearing low relative to 
the wetter stands, they are still far greater than carbon stocks estimated for improved 
and unimproved pasture (2.1–2.9 t·ha-1 (Tate et al. 1997)).  The figure for Mt Ben 
Ohau carbon stocks, which has a fractured canopy (c. 46% cover) is comparable to 
that estimated for short-tussock grasslands (10.8–27.2 t·ha-1 (Tate et al. 1997)), which 
is typically the adjacent vegetation cover in the high country.  This result is somewhat 
puzzling given the obvious differences in standing biomass between woodland and 
grassland.  However, the Tate et al. (1997) grassland figures were not based on any 
empirical data and therefore may have overestimated grassland carbon stocks 
(Carswell et al. 2008).  The age and size class distributions of Birdwood Station and 
Mt Ben Ohau indicate that the majority of trees in both stands are relatively young 
(<100 years old).  These are post-human disturbance stands and will thus continue to 
increase in biomass.  As such, the figures given here are considered to underestimate 
the potential carbon stocks of these sites, as it is expected they will develop larger 
carbon stocks over time.   
 
Carbon stocks within Podocarpus cunninghamii stands cannot be estimated solely on 
annual soil moisture deficit.  Stands at both Mt Cook National Park and Mt Dobson, 
just like Upper Lawrence and Upper Hapuku, have no annual soil moisture deficits.  
However, the estimated carbon stocks of Mt Cook National Park and Mt Dobson are 
approximately five times lower.  Podocarpus cunninghamii basal area and stocking 
density are also smaller at both these sites compared with Upper Lawrence and Upper 
Hapuku.  The reasons for this are unclear, but the frequency and extent of large scale 
disturbance, as well as mean annual and winter minimum temperatures may play an 
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important role.  For example, Mt Dobson and Upper Lawrence are floristically very 
similar, but their age and size class distributions show that Mt Dobson has far fewer 
individuals in the larger size classes.  Mt Dobson is also populated by younger trees, 
indicating more recent disturbance and stand recovery (Chapter 3).   
 
The estimated living carbon stocks within stands of Podocarpus cunninghamii do 
represent significant pools of carbon when compared with the grasslands that they 
typically occur within.  Less disturbed forest stands contain higher quantities of 
carbon (e.g. Upper Lawrence > Mt Dobson > Birdwood Station).  The rehabilitation 
of disturbed stands should therefore lead to the storage of even greater quantities of 
carbon.   
 
10.4.2 Estimation of carbon sequestration rate 
A preliminary model of annual Podocarpus cunninghamii diameter increment and 
carbon sequestration rates over a 100 year period in the high country has been 
developed.  The model has several limitations and consequently the results should be 
interpreted with caution.  The age data does not take into account the time it takes for 
Podocarpus cunninghamii to reach coring age.  Resultantly, all age estimates must be 
considered as underestimates; this is a problem further compounded by missing rings 
(Bell & Bell 1959; Scott 1972).  Tree ring counts are also heavily skewed to younger 
age classes (<60 years) due to rotten cores in larger trees, a higher frequency of 
missing the chronological centre of larger trees, and a paucity of larger trees in 
general.  The data behind the model is therefore biased towards dryland samples, and 
as a result is likely to underestimate growth in the wetter parts of the high country.  
The growth data is also based on measurements of tree rings, which come from a 
single radius of each tree.  Mean growth rate estimates should be based on repeated 
measurements over time (Kirschbaum et al. 2009).  The rate of diameter growth also 
ignores density dependent effects arising from different stocking rates.  Finally, an 
allometric equation specific to Podocarpus cunninghamii would improve biomass and 
carbon stock estimates.  The allometric equation used here was taken from Coomes et 
al. (2002), which was based on data collected from a single, mixed beech/podocarp 
forest (Beets 1980). 
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The range of MAIs predicted by the model is within that recorded for the New 
Zealand Podocarpaceae (Hall & Hollinger 2000).  The estimated annual carbon 
sequestration rates (0.1 and 0.4 t·ha-1·yr-1 for 250 and 1,000 stems·ha-1, respectively) 
are lower than the estimated mean national indigenous forest sequestration rate of 1.4 
t·ha-1·yr-1 (Kirschbaum et al. 2009).  However, the mean national rate includes areas 
of forest in mild and wet lowland environments more favourable for tree growth, 
includes faster growing tree species, and does not limit the number of potential 
species within indigenous forest to just one (Hall & Hollinger 2000).  As such, it is 
not surprising that predicted Podocarpus cunninghamii sequestration rates are lower 
than the national mean. 
 
The area of erosion-prone hill country on the South Island suitable for afforestion has 
been estimated at between 222,611 and 400,105 ha, of which the majority is described 
as low-producing or depleted grasslands (Davis et al. 2009).  This represents a 
substantial area on which indigenous afforestation could take place.  While not every 
hectare of this hill country is suitable for Podocarpus cunninghamii, for example 
Nothofagus may be more suited in some sites, the area available for Podocarpus 
cunninghamii restoration is still significant.  Furthermore, the predicted 100 year 
carbon stock of a 1,000 stems·ha-1 Podocarpus cunninghamii stand (36 t·ha-1) exceeds 
the estimated range of carbon stock values for short tussock grassland.  As such, 
afforestation of Kyoto-compliant high country grasslands with Podocarpus 
cunninghamii forest has the potential to increase New Zealand’s carbon stocks, and 
thereby assist it achieve its Kyoto commitments in the medium to long term (Carswell 
et al. 2008; Kirschbaum et al. 2009).   
 
In the short term, the estimated carbon sequestration rate of Podocarpus cunninghamii 
is much lower than that calculated for Radiata pine (Pinus radiata) (Davis et al. 
2009).  However, in the long term, indigenous forests have the potential to develop 
greater carbon stocks than conventionally managed exotic conifer forests (Carswell et 
al. 2008; Chazdon 2008), as well as provide greater benefits for associated indigenous 
flora and fauna.  When combined with the estimated area of marginal land available 
for afforestation, these considerations augur favourably for the restoration of 
Podocarpus cunninghamii vegetation communities to the high country.  
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11 Conclusions 
 
Prior to human arrival in New Zealand, the eastern South Island high country was a 
predominantly forested environment (McGlone, 1989).  Sub-fossil log and charcoal 
remains and palynological deposits indicate that, outside of the areas dominated by 
Nothofagus, Podocarpus cunninghamii was a major forest component (McGlone, 
2004, Molloy et al., 1963).  Early Polynesian fires followed by further forest 
clearance by European pastoralists caused widespread and massive deforestation, 
thereby creating the iconic high country tussock grasslands present today (Ewers et 
al., 2006, McGlone, 2001).  Podocarpus cunninghamii dominated vegetation 
communities still exist within the high country, but they tend to be only small 
remnants with a highly fragmented distribution (see Chapter 2).  The overall aims of 
this thesis were to gain a better understanding of the ecology of these remnant high 
country Podocarpus cunninghamii dominated communities, and to investigate factors 
potentially affecting Podocarpus cunninghamii restoration within this environment, 
with special attention paid to the role of AMF.   
 
In this concluding chapter, a summary of the main findings of this thesis is provided, 
together with some further discussion of the implications for restoration as well as 
some practical recommendations.  Following this, areas of potential future research 
work are outlined before finally, the general conclusions of the thesis are presented. 
 
11.1 The ecology of Podocarpus cunninghamii 
11.1.1 Community ecology 
The results of Chapter 3 showed that Podocarpus cunninghamii communities separate 
into two main types following a gradient of annual soil moisture deficit.  Within this 
split, soil fertility factors and mean and minimum annual temperatures drive 
additional changes in floristic composition.  At the wetter end of the scale, tall forest 
communities develop, with Podocarpus cunninghamii emergent over canopy species 
that typically include Griselinia littoaralis, Pseudopanax colensoi var. ternatus and 
Phyllocladus alpinus.  Coprosma linariifolia is common in the sub-canopy and 
Polystichum vestitum is the dominant ground cover.  Within the drylands, 
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Podocarpus cunninghamii communities have a much more open structure and rarely 
form a closed canopy.  Canopy species are rare in the drylands and instead the 
community has a greater abundance of small tree species, e.g. Hoheria lyallii and 
Pittosporum tenuifolium, and shrubs, e.g. Aristotelia fruticosa, Coprosma propinqua, 
Corokia cotoneaster and Discaria toumatou.  Exotic species are also common, 
particularly Rosa rubiginosa, Ribes uva-crispa and Hieracium species.  The average 
canopy cover value of a Podocarpus cunninghamii community in the wetter parts of 
the high country is 90%, while in the drylands it is only 54%.  Similarly, mean basal 
area and Podocarpus cunninghamii stem density of stands in the wetter parts of the 
high country are 25.06 m2·ha-1 and 215 stems·ha-1, respectively, while the 
corresponding figures for the dryland stands are 8.24 m2·ha-1 and 708 stems·ha-1.   
 
In total, seven Podocarpus cunninghamii community types were identified based on 
floristic composition.  Greatest species diversity was found in the types occurring at 
the wetter end of the annual soil moisture deficit gradient and the lowest diversity 
found at the drier end.  The communities in the drylands, which are also smaller and 
more fragmented, support a greater abundance of exotic species, and these contribute 
substantially to their diversity indices.  This relationship is a common feature of 
highly fragmented communities (Cook et al., 2002, Ewers and Didham, 2006).   
 
11.1.2 Population dynamics 
The dendrochronological work undertaken in Chapter 3 demonstrated that dbh 
provides a reasonable indicator of approximate Podocarpus cunninghamii age (ages 
are approximate as it is not known how long it takes for Podocarpus cunninghamii to 
grow to coring height, and frequent missing rings means ring counts underestimate 
age).  An individual increment core extracted from Podocarpus cunninghamii in the 
high country provides a 20-25% underestimate of the approximate minimum age of 
an individual tree.  The amount of error associated with age estimates based on dbh 
size classes appeared relatively uniform across the high country.  Thus the same level 
of uncertainty can be applied to age estimates from wet and dry stands. 
  
The investigation into Podocarpus cunninghamii population dynamics indicated that 
Podocarpus cunninghamii has more than one regeneration strategy.  Age and size 
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class distributions show that at some sites, Podocarpus cunninghamii undergoes 
continuous regeneration within intact forest.  This suggests the presence of gap phase 
dynamics, whereby the regeneration is able to develop to the sapling stage but then 
requires some form of small-scale canopy disturbance, such as single tree fall, in 
order to attain canopy status.  This process is similar to that described for Podocarpus 
cunninghamii in the North Island (Smale and Kimberley, 1993, Smale and Smale, 
2003) and elsewhere on the South Island (Veblen and Stewart, 1982).  In contrast, 
evidence from the Upper Hapuku, Seaward Kaikoura Range, suggests that 
Podocarpus cunninghamii regenerates via catastrophic disturbance, leading to the 
development of whole stands that are near even-aged.  This research highlights the 
importance of disturbance regimes to maintain Podocarpus cunninghamii 
populations, and the need for restoration to incorporate disturbance processes. 
 
11.1.3 Implications for restoration 
In the wetter parts of the high country, stands of Podocarpus cunninghamii are 
relatively intact with few exotic species and evidence of ongoing canopy 
regeneration.  The processes fundamental to forest survival are therefore being 
maintained.  As such, these stands provide a clear species template for Podocarpus 
cunninghamii forest restoration within the wetter regions of the high country.  The 
same cannot be said for the dryland stands.  Stands in the drylands are highly 
degraded and are unlikely to be representative of the pre-human vegetation cover.  In 
general terms, the pre-human dryland landscape below the alpine zone would have 
supported a low forest community, with emergent Podocarpus cunninghamii trees 
between 5-10 m in height.  This community would have intergraded into a scrubland 
community with increasing soil moisture deficits.  Species such as Griselinia 
littoralis, Hoheria lyallii, Pseudopanax colensoi var. ternatus, Phyllocladus alpinus 
and Pittosporum tenuifolium are all likely to have been common, with species such as 
Aristotelia fruticosa, Corokia cotoneaster, Coprosma propinqua and Discaria 
toumatou becoming more important with increasing soil moisture deficit.   
 
Given the extent of pre-human forest loss in the high country, the simple removal of 
domestic livestock grazing is unlikely to result in the automatic return of Podocarpus 
cunninghamii communities.  This is due to a sheer lack of seed sources as well as the 
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pervasive presence of feral herbivores (Norton, 2006, Standish et al., 2009).  As a 
result, restoration will be dependent on active human intervention.  In addition, given 
the regime shifts that have occurred within the drylands since human arrival, it is 
likely that restoration will have to accept some level of exotic species being present 
(Walker et al., 2009), and focussing resources on the least invaded/degraded remnants 
may provide the best opportunities for restoration.  With that in mind, the 
classification system presented in Chapter 3 can be used as an indicator of community 
degradation and can therefore inform on restoration priorities.  
 
11.2 AMF and Podocarpus cunninghamii restoration 
11.2.1 Ex-agricultural and forest AMF 
The literature review presented in Chapter 4 showed that there is increasing evidence 
that forest clearance and conversion to agriculture causes shifts in AMF community 
composition (Verchot, 2010).  Subsequent agricultural practices can cause further 
changes, with the greatest change associated with increased agricultural 
intensification (Hijri et al., 2006, Oehl et al., 2003, Verbruggen et al., 2010).  These 
changes can potentially affect forest restoration on abandoned agricultural land. 
 
Chapters 6 and 8 provided evidence that ex-agricultural (abandoned grazing 
grassland) AMF can have strong negative effects on the growth of Podocarpus 
cunninghamii, while AMF from a remnant stand of Podocarpus cunninghamii forest 
can have positive effects.  Perhaps the most important result to come out of these 
chapters was that forest AMF can significantly improve the competitiveness of 
Podocarpus cunninghamii when grown in competition with grass, in both glasshouse 
and field settings.  These results suggest that forest AMF have potential benefits for 
forest restoration on ex-agricultural land.  Unfortunately the molecular work 
conducted in Chapter 5 was unable to elucidate the composition of the AMF 
communities of the forest or ex-agricultural soils.  Without this information it is not 
possible to investigate how species composition affects the functional differences of 
the two AMF communities.  Despite this, the results do add support to the work of 
Johnson (1993) and Ryan and Graham (2002), who found that agricultural practices 
can be associated with a decline in AMF mutualism.  Soil fertiliser inputs tend to 
decrease plant root:shoot ratios and the transfer of carbohydrates from aboveground 
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plant tissues to belowground tissues (Hermans et al., 2006).  This can lead to a 
decrease in AMF mutualism by selecting for AMF that are more aggressive at 
acquiring carbon from their host (Graham and Abbott, 2000).  The ex-agricultural 
AMF used in Chapter 6 were collected from a site retired from agriculture 16 years 
previously.  This highlights legacy effects of forest clearance and agriculture, and 
demonstrates that reversing agriculturally driven AMF community changes is more 
difficult than simply removing grazing.  The results also raised the issue of 
surrounding land use and the potential for AMF dispersal limitation to affect AMF 
community recovery following the cessation of agricultural practices.   
 
11.2.2 Commercial and indigenous AMF 
The results of Chapters 7 and 8 demonstrated that commercial AMF products hold no 
guarantee that they will improve plant growth and therefore assist ecological 
restoration, while indigenous AMF may.  This adds to existing research that has 
presented similar results (Caravaca et al., 2003, Rowe et al., 2007).  However, the 
results in no way suggest that all commercial AMF products will result in similar 
responses, and research has shown that indigenous AMF do not always result in 
positive native plant growth responses (Kiers et al., 2000, Klironomos, 2003, Moora 
et al., 2004).  As such, more research trialling a wider range of AMF products and 
isolates is required. 
 
The commercial AMF used in this thesis (Myco-Gro™, New Edge Microbials) was 
based on AMF extracted from Australian soils.  This provided further evidence that 
AMF that are exotic to where they are subsequently applied may not be able to 
survive or provide plant benefit (Gianinazzi and Vosátka, 2004, Oliveira et al., 2005).  
The introduction of exotic AMF to novel environments is also a cause for concern as 
introduced AMF have the potential to become invasive and the ecological 
consequences of their introduction is not yet known (Schwartz et al., 2006).  There is 
also evidence that foreign AMF can alter the performance of coexisting plant species 
compared with local AMF, which can have important implications for plant 
community composition and structure (Ji et al., 2010, Yao et al., 2008).  This should 
be a serious concern for ecological restoration, and the evidence so far collected 
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suggests that, in general, indigenous AMF offer better prospects for restoration than 
commercially available products (Fuchs and Haselwandter, 2008).   
 
11.2.3 Implications for restoration 
The application of AMF to seedlings prior to outplanting has been shown to improve 
tree seedling growth and survival (Allen et al., 2003, Allen et al., 2005), and is 
considered an important tool in the process of restoring populations of endangered 
plant species (Bothe et al., 2010).  Chapter 8 provided additional evidence for this, as 
the application of Acaulospora laevis and forest AMF to Podocarpus cunninghamii 
prior to outplanting improved plant growth in the first growing season and indicated 
the potential for greater establishment success.  However, data over successive 
growing seasons is required to validate this possibility.  Previous research has 
demonstrated that improving the establishment success of planted Podocarpus 
cunninghamii seedlings in the high country is urgently needed (Ledgard, 2004).   
 
The indigenous isolate of Acaulospora laevis used in Chapter 7 resulted in large 
increases in both Podocarpus cunninghamii growth and nutrient acquisition.  
However, grass competition cancelled all AMF effects.  This suggests that the 
primary application of this AMF isolate is within native plant nurseries, where 
production times can potentially be reduced.  At present it takes plant nurseries 
approximately two years (24 months) to produce a specimen of Podocarpus 
cunninghamii considered suitable for use in restoration (15-30 cm height).  The use of 
Acaulospora laevis reduced the time taken to produce plants of this size to 15 months, 
thus reducing the production time by 9 months.  Therefore, the use of Acaulospora 
laevis has the potential to decrease nursery turnover times of Podocarpus 
cunninghamii and thereby increase production.  This should increase the quantity of 
Podocarpus cunninghamii seedlings available for restoration and reduce their cost.  
At present, individual seedlings of 15-30 cm height Podocarpus cunninghamii 
seedlings can cost over NZ$5, which can make restoration prohibitively expensive.   
 
Further to this, it is worth noting that when Podocarpus cunninghamii was grown in 
the glasshouse without grass competition, forest AMF produced no noticeable effect.  
The effect of forest AMF only became evident once grass competition was added, 
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whether in a glasshouse environment (Chapter 6) or field setting (Chapter 8).  On the 
otherhand, Acaulospora laevis had an immediate growth effect on Podocarpus 
cunninghamii when grown in the absence of grass in a glasshouse setting, but this 
effect disappeared with the addition of grass competition (Chapter 7).  However, 
those seedlings treated with Acaulospora laevis showed significantly greater growth 
along with those treated with forest AMF once outplanted in the field (Chapter 8).  
These results highlight that AMF effects may not be immediately visible, i.e. in the 
nursery environment, but may have subsequent impacts on seedling growth and 
survival once outplanted.   
 
The results of Chapter 9 indicate the New Zealand’s native plant nurseries appreciate 
the potential for mycorrhizae to improve plant growth and establishment success, and 
many actively attempt to incorporate mycorrhizae into their propagation setups.  
However, their efforts may be going to waste due to a lack of understanding of the 
differences in biology of AMF and ectomycorrhizal fungi.  Providing more 
information to native plant nurseries on the correct application of mycorrhizae is 
needed, and there is evidence that this beginning to happen (Corkidi et al., 2008, 
Williams, 2009, Williams, 2010). 
 
11.3 Carbon stocks and Podocarpus cunninghamii 
restoration 
Chapter 10 provided first estimates of the carbon stocks present within several high 
country stands of Podocarpus cunninghamii.  In general, carbon stocks are greater 
within the more intact stands in the wetter areas of the high country compared with 
the drylands.  Tying this work in with that of Chapter 3, vegetation classes two and 
three (Podocarpus cunninghamii – (Coprosma linariifolia) forest and Podocarpus 
cunninghamii – (Griselinia littoralis) forest) hold the greatest carbon stocks (100.5 
and 130.1 t·ha-1, respectively), while class 6 (Podocarpus cunninghamii – (Coprosma 
propinqua) treeland) holds the least carbon (7.3 t·ha-1).  This is likely due to a 
combination of the dryland sites having lower standing biomass in general than the 
wetter sites, due to less favourable environmental conditions, and the dryland sites 
being more degraded, with a greater history of adverse anthropogenic impacts.  
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However, irrespective of vegetation class, Podocarpus cunninghamii stands hold 
greater carbon stocks than those estimated for grazing pastures (Tate et al., 1997). 
 
 In addition, Chapter 10 presented a preliminary model of Podocarpus cunninghamii 
carbon sequestration rate.  While this figure is much lower than the average rate 
estimated for New Zealand forests (0.4 t·ha-1·yr-1 for Podocarpus cunninghamii 
versus 1.4 t·ha-1·yr-1 for forests more generally (Kirschbaum et al., 2009)), the 
estimated carbon sequestration rate of Podocarpus cunninghamii is still greater than 
that of grasslands.  Although certain exotic pine species can grow faster than 
Podocarpus cunninghamii and therefore sequester greater quantities of carbon more 
rapidly, slower growing indigenous forests have the potential to develop greater 
carbon stocks in the long-term and enhance native biodiversity values (Carswell et 
al., 2008, Chazdon, 2008).  As such, the restoration of Podocarpus cunninghamii to 
the high country has the potential to assist New Zealand in achieving its commitments 
under the Kyoto Protocol.  This provides some incentive for Podocarpus 
cunninghamii restoration above and beyond the well-established reasons of soil and 
indigenous biodiversity conservation. 
 
11.4 Practical recommendations 
Several practical recommendations relating to the restoration of Podocarpus 
cunninghamii communities to the high country can be drawn from this thesis.  These 
can be separated into two areas: 1) where restoration seeks to create new Podocarpus 
cunninghamii forest where no Podocarpus cunninghamii forest currently exists; and 
2) where restoration seeks to rehabilitate existing Podocarpus cunninghamii forest 
remnants.  The recommendations for each follow.  However, it must be kept in mind 
that these are tentative recommendations based on the information collected during 
the development of this thesis, and further research is required to confirm their 
efficacy or otherwise.  In no way do they represent definitive rules for restoration. 
 
11.4.1 Creating new Podocarpus cunninghamii forest 
Given the cost of procuring large numbers of seedlings of native plants, especially 
podocarps, large-scale restoration of the high country to Podocarpus cunninghamii 
forest is, at present, unfeasible.  Rather, restoration should focus on creating ‘islands’ 
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of Podocarpus cunninghamii forest on the most suitable land available, such as on 
erosion-prone marginal lands, in moist gullies, and in existing grey scrub 
communities.  The successful creation of these islands will ensure a seed source for 
the natural colonisation of adjacent high country areas and provide much needed 
habitat for indigenous seed dispersers.  Recommendations for the creation of these 
islands include: 
 
 To ensure successful establishment and survival of palatable species, 
lagomorph and ungulate exclosure fencing should be erected. 
 Further to this, control of mammalian herbivores could be assisted by 
encouraging recreational hunters to utilise hunting blocks in and around 
restoration sites. 
 Grass cover should be reduced or removed through use of herbicides, mowing 
or mulching, to reduce competition with restoration plantings. 
 Fast growing indigenous woody species should be planted initially.  These 
will establish rapidly, shade-out grass and provide shelter for later 
successional species.  Examples of such species include Aristotelia fruticosa, 
Coprosma propinqua, Corokia cotoneaster and Hoheria lyallii.   
 Once these woody species are established, later successional species can be 
included, such as Griselinia littoralis, Pseudopanax colensoi var. ternatus, 
Pseudopanax crassifolius, Sophora microphylla and Podocarpus 
cunninghamii.    
 Seedlings for restoration should also have been inoculated with appropriate 
AMF prior to outplanting.  The results from this research suggest that 
indigenous AMF should be sourced from the top soil of remnant stands of 
Podocarpus cunninghamii forest. 
 
11.4.2 Rehabilitating existing Podocarpus cunninghamii forest 
Many existing high country Podocarpus cunninghamii communities offer good 
opportunities for ecological restoration.  The problems that often face these sites are 
the prevalence of light-demanding exotic species, such as Hieracium, and the absence 
of more widespread woody species (Chapter 3).  Reducing the prevalence of light-
demanding exotic species can be achieved by increasing canopy cover.  The reason 
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for the absence of widespread woody species is debatable, but for those that are 
highly palatable, such as Griselinia littoralis, mammalian herbivory is likely the 
cause.  Recommendations for restoration include: 
 
 Lagomorph and ungulate exclosure fencing should be erected. 
 Highly palatable, shade-tolerant species should be reintroduced, for example 
Griselinia littoralis, Pseudopanax colensoi var. ternatus and Pseudopanax 
crassifolius.   
 Podocarpus cunninghamii is an unpalatable species, and it is possible that 
livestock grazing assists its establishment by reducing the vigour of 
neighbouring grasses, while other more palatable woody species are excluded.  
Grassland areas adjacent to existing stands of Podocarpus cunninghamii 
should therefore be left unfenced to allow grazing to continue and encourage 
Podocarpus cunninghamii establishment.  Once these seedlings become 
established, the area should then be fenced off to exclude grazing.  
Podocarpus cunninghamii can then itself act as a nurse plant and allow the 
species listed above and in 11.4.1 to be introduced.   
 
11.5 Future research 
11.5.1 A community approach to restoration 
At the very beginning of this thesis, the restoration of Podocarpus cunninghamii 
forest was promulgated as a way of securing multiple ecosystem services, namely soil 
and indigenous biodiversity conservation, as well as carbon sequestration (Chapter 1).  
However, aside from Chapter 3, the thesis took a single species approach to 
restoration.  This approach was taken for several reasons: 1) Podocarpus 
cunninghamii is the dominant and arguably most iconic species of these plant 
communities; 2) the restoration of a Podocarpus cunninghamiitype vegetation 
community will inherently rely upon the successful restoration of Podocarpus 
cunninghamii; and 3) Podocarpus cunninghamii represents the greatest biomass 
within these vegetation communities, and thus holds the majority of the carbon 
stocks.  Despite this, there is accumulating evidence that for an ecosystem to provide 
multiple ecosystem services, increasing levels of biodiversity are required (Hector 
and Bagchi, 2007, Balvanera et al., 2006).  There is also accumulating evidence that 
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plant species interactions are strongly influenced by AMF species identity (Scheublin 
et al., 2007), AMF community composition (Maherali and Klironomos, 2007, van der 
Heijden et al., 1998b) and mycorrhizal networks (Selosse et al., 2006, van der 
Heijden and Horton, 2009).  The interaction between co-existing plant species and 
AMF therefore plays an important role in determining plant community composition 
(Stampe and Daehler, 2003, van der Heijden et al., 1998a).  In light of this, future 
research should take a more community-based approach to restoration and investigate 
the responses to different AMF inoculants of plant species combinations typical of 
Podocarpus cunninghamii vegetation communities.  Such investigations should not 
be limited to establishing seedlings of multiple species at a single point in time solely 
within grasslands.  They should also explicitly explore the impacts of existing 
mycorrhizal networks present within patches of seral woody vegetation in facilitating 
the establishment of Podocarpus cunninghamii forest seedlings.   
 
11.5.2 Successional processes 
Research in the tropics has demonstrated that forest AMF communities of individual 
tree species from the same location are significantly different depending on tree age 
(Husband et al., 2002).  In addition, tropical tree seedling growth responses have been 
shown to be greatest when inoculated with AMF from heterospecific adult trees rather 
than conspecific adult trees (Kiers et al., 2000).  AMF species present within mature 
forest may not be beneficial for tree seedlings (Allen et al., 2003), although this may 
be dependent on soil organic matter content (Allen et al., 2005).  The forest AMF 
used in Chapters 6 and 8 was extracted from a mature stand of Podocarpus 
cunninghamii, and therefore suggests that mature forest AMF is beneficial for this 
species.  However, future research should investigate the effect of AMF inoculants 
derived from Podocarpus cunninghamii forests at different stages of development, as 
well as AMF derived from seral high country woody communities.  In addition, given 
that ecological restoration seeks to reinstate natural successional processes (SERI, 
2004), identifying trajectories of Podocarpus cunninghamii community development 
based on AMF community type will be important.    
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11.5.3 Invasive species 
The fitness of exotic plant species can be improved by certain AMF, which increases 
their potential to become invasive (Shah et al., 2008, Desprez-Loustau et al., 2007, 
Wolfe and Klironomos, 2005).  There is also evidence that locally sourced AMF 
often improve the growth of native plants more than foreign AMF (e.g. Caravaca et 
al., 2003, Ji et al., 2010, Klironomos, 2003, Rowe et al., 2007).  In addition, the 
mycorrhizal symbiosis as a whole functions best (i.e. greater plant biomass, increased 
numbers of arbuscules and greater production of extraradical hyphae) when in 
association with native plants in home soil (Johnson et al., 2010).  This highlights the 
importance of local edaphic conditions and local plant-fungus combinations for 
optimising mycorrhizal function, and consequently for improving ecological 
restoration.  However, invasive species can cause turnover in AMF community 
composition (Hawkes et al., 2006).  Such turnover would result in changes to 
mycorrhizal networks, which in turn may affect plant community structure and 
seedling establishment (Selosse et al., 2006, van der Heijden and Horton, 2009).  In 
light of this, future research should continue the work begun in Chapters 6 and 7, by 
investigating how competitive relationships of native and invasive plant species are 
influenced by different AMF inoculants.  Of particular interest would be the response 
of Hieracium, which is highly invasive within the high country (Espie, 2001) and 
shows strong AMF dependency (Klironomos, 2003, van der Heijden et al., 1998a). 
 
11.5.4 Nursery production 
Nursery inoculation of plants with AMF has great potential for assisting in plant 
production and ecological restoration (Bothe et al., 2010, Jeffries et al., 2003, Zhong 
et al., 2010).  However, there is a need, even with commercially available products, 
for AMF to be tested and matched to nursery production conditions (Corkidi et al., 
2004), as applications of fertiliser and fungicides to rooting mediums have been 
shown to reduce or inhibit mycorrhizae (Daft and Nicholson, 1969, O'Connor et al., 
2009).  In addition, AMF do not necessarily result in increased plant growth within 
nurseries (Corkidi et al., 2004).  As such, the trade off between increased plant fitness 
and survival once field transplanted and decreasing plant production times needs to be 
investigated.  AMF have also been shown to protect plants against root colonisation 
by fungal pathogens (Maherali and Klironomos, 2007, Sikes et al., 2009).  The 
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potential to reduce fungicide usage within nurseries therefore exists, but further 
research is required. 
 
The application of indigenous AMF collected from existing native plant communities 
has been demonstrated to improve the growth of native plants (Allen et al., 2005, Ji et 
al., 2010, Klironomos, 2003, Requena et al., 2001), which suggests they may play an 
important role in plant nurseries (Corkidi et al., 2008, Williams, 2009).  However, the 
use of field soils may introduce pathogens into nursery production systems.  
Furthermore, the effect on natural AMF and plant populations of repeated AMF 
collection are not known.  Developing cultures of indigenous AMF may play an 
important role for native plant propagation (Corkidi et al., 2008, Williams, 2010), by 
reducing soil disturbance to natural communities.  However, pot cultures have been 
found to show selection for Glomeraceae species (Brundrett et al., 1996), and as such 
further research is needed to determine how representative of natural communities 
these AMF cultures are, especially after several generations. 
 
11.5.5 Carbon stocks 
The allometric equation used in Chapter 10 to estimate aboveground biomass comes 
from a study from a single, mixed beech/podocarp forest in New Zealand (Beets, 
1980, Coomes et al., 2002).  Estimates of Podocarpus cunninghamii biomass are 
therefore likely to carry high uncertainty.  Determining whether Podocarpus 
cunninghamii belowground biomass equates to 0.25 of aboveground biomass, and 
whether the 0.5 conversion factor of biomass to carbon is a valid assumption for 
Podocarpus cunninghamii, is necessary to develop more reliable estimates of high 
country Podocarpus cunninghamii carbon stocks.  A community based approach to 
estimating carbon stocks within Podocarpus cunninghamii stands is also 
recommended, and could be implemented based upon the community classification 
system presented in Chapter 3.   
 
11.6 Final conclusions 
The overall aims of this thesis were to gain a better understanding of the ecology of 
remnant high country Podocarpus cunninghamii dominated communities, and to 
investigate factors potentially affecting Podocarpus cunninghamii restoration within 
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this environment, with special attention paid to the role of AMF.  The reason for this 
was to allow the development of a stronger ecological basis for future Podocarpus 
cunninghamii restoration in the high country.  The findings of this thesis have shown 
that high country communities of Podocarpus cunninghamii show a high degree of 
floristic and structural variation based on soil and climatic variables.  This variation 
must be taken into account when attempting to restore Podocarpus cunninghamii 
communities to the high country.  Age and size class distributions indicate that 
Podocarpus cunninghamii tends to undergo continuous regeneration.  Given that 
initial restoration plantings will most likely lead to the development of even-aged 
stands in the absence of human intervention, restoration may need to initiate small-
scale canopy disturbances to allow the development of uneven aged stands that will 
then be able to regenerate without further management inputs. 
 
The experimental data collected during this thesis suggest that AMF have a 
potentially important role to play in Podocarpus cunninghamii restoration.  Firstly, 
AMF extracted from existing remnant stands of Podocarpus cunninghamii can 
improve the competitiveness of Podocarpus cunninghamii cuttings within a grassland 
environment in both glasshouse and field settings.  The use of forest AMF may 
therefore be an important component of Podocarpus cunninghamii restoration within 
ex-agricultural grasslands, particularly as AMF extracted from ex-agricultural 
grasslands had a negative effect on Podocarpus cunninghamii growth.  Secondly, in 
the absence of grass competition, the indigenous isolate of Acaulospora laevis was 
highly effective at increasing Podocarpus cunninghamii growth and nutrient 
acquisition.  This suggests that this isolate may have a potentially important role to 
play in native plant nurseries by reducing the production time of Podocarpus 
cunninghamii plants for restoration.  The diversity and potential applications of New 
Zealand’s indigenous AMF communities are for the most part unknown.  The results 
of this thesis indicate that these communities represent a largely untapped and 
potentially important resource for ecological restoration.  However, to develop this 
resource, further investigation will be required to separate out those AMF that will 
limit or constrain restoration from those with the potential to assist and enhance it. 
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Appendix 1 
 
The percentage cover abundances of each species recorded within each class, and 
within each height stratum, as identified in the TWINSPAN analysis of chapter three.  
All values are the averages of each species within each height stratum for all plots 
within that class.  Each class is provided in its own table. 
 
Table A1.1 – Percentage cover for each species 
recorded in class 1: Podocarpus cunninghamii – 
Phyllocladus alpinus forest. 
.: absent; •: <1% cover; ‡: ≥1%, <5% cover 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
PODcun 15.9 18.9 11.6 
PSEcvt 5.1 23.5 5.5 
PHYalp ‡ 24.4 13.4 
GRIlit ‡ 14.4 9.8 
LEPsco ‡ ‡ . 
HOHlya • • • 
DRAlon • 7.4 ‡ 
PSEcra • • • 
COPdum . 6.8 5.4 
COPpro . 5.5 5.1 
BRAbuc . ‡ • 
COPlin . ‡ ‡ 
GAUcra . ‡ ‡ 
HEBsub . ‡ ‡ 
PODniv . ‡ ‡ 
DRAuni . ‡ • 
HEBsal . ‡ ‡ 
PITten . ‡ • 
OLEnum . ‡ ‡ 
ARIfru . • • 
COPpse . • ‡ 
COPrug . • • 
MYRdiv . • • 
GAUant . • • 
MYRnum . • ‡ 
PHOcoo . • • 
RUBsch . • • 
POLves . . 6.1 
BLEpen . . ‡ 
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Table A1.1 continued 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
ASPric . . ‡ 
ASPter . . ‡ 
UNCcla . . ‡ 
CORcot . . ‡ 
ASPflb . . ‡ 
CHIcon . . ‡ 
PTEaus . . • 
BLEcap . . • 
MELalp . . • 
HIEpra . . • 
ANIhaa . . • 
MICpus . . • 
POAcol . . • 
SENbel . . • 
ACIaur . . • 
ACRcol . . • 
ASPfla . . • 
CARbil . . • 
Carex spp. . . • 
CELang . . • 
CLEfor . . • 
COPser . . • 
DIGpur . . • 
DIStou . . • 
GENcor . . • 
HEBtra . . • 
HIEpil . . • 
HOLlan . . • 
LEUfra . . • 
MYCmur . . • 
OLEcor . . • 
PIMore . . • 
UNCfus . . • 
VIOcun . . • 
CELcor . . • 
CREcap . . • 
EPIatr . . • 
LUZbvr . . • 
MUEaus . . • 
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Table A1.2 – Percentage cover for each species 
recorded in class 2: Podocarpus cunninghamii – 
(Coprosma linariifolia) forest. 
.: absent; •: <1% cover; ‡: ≥1%, <5% cover 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
PODcun 69.8 13.9 2.7 
COPlin ‡ 12.7 5.0 
PHYalp • 8.0 ‡ 
GRIlit ‡ 6.7 ‡ 
CARser ‡ 6.0 ‡ 
PITten • ‡ ‡ 
PSEcra • 5.4 ‡ 
PSEcvt • ‡ ‡ 
RUBcis • 5.9 ‡ 
HEBtra . 12.5 6.2 
COPpro . 11.2 6.6 
COPdum . ‡ ‡ 
ASTpet . ‡ 5.6 
PSEcol . ‡ ‡ 
HEBsub . • • 
MYRdiv . • . 
HOHlya . • ‡ 
COPpxr . • • 
CLEfor . • ‡ 
POLves . . 68.5 
BLEcap . . 15.0 
MYCmur . . 6.6 
UNCcla . . ‡ 
ASPter . . ‡ 
BLEpen . . ‡ 
CYStas . . ‡ 
MICpus . . ‡ 
RANref . . • 
SENbel . . • 
ASPflb . . • 
ASPric . . • 
FUCexc . . • 
GENcor . . • 
PTEaus . . • 
ARIfru . . • 
CARdeb . . • 
EPIped . . • 
HIElep . . • 
NEMtri . . • 
POAnov . . • 
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Table A1.2 continued 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
HIEpra . . • 
MYRnum . . • 
OLEcor . . • 
OLEnum . . • 
Carex spp. . . • 
 
 
Table A1.3 – Percentage cover for each species 
recorded in class 3: Podocarpus cunninghamii – 
(Griselinia littoralis) forest. 
.: absent; •: <1% cover; ‡: ≥1%, <5% cover 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
PODcun 32.8 15.9 5.3 
GRIlit 13.7 16.0 8.0 
PHYalp ‡ 8.3 5.1 
PSEcra ‡ ‡ ‡ 
COPlin ‡ 10.0 5.3 
HOHlya ‡ ‡ ‡ 
PITten • ‡ ‡ 
RUBcis • ‡ ‡ 
MYRdiv • ‡ ‡ 
HEBsal • ‡ • 
PSEcvt • • ‡ 
RUBsch • ‡ ‡ 
COPpro . 5.3 5.1 
CORcot . ‡ ‡ 
HEBsub . ‡ ‡ 
COPdum . ‡ ‡ 
OLEavi . ‡ • 
RAUano . • • 
GAUant . • • 
PITano . • • 
DRAlon . • • 
PHOcoo . • • 
ARIfru . • ‡ 
CHIcon . • • 
COPpse . • • 
COPrig . • • 
HEBtre . • • 
MUEaus . • • 
PARcvt . • • 
DIGpur . • • 
  241
Table A1.3 continued 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
POLves . . 23.2 
MICpus . . 9.0 
BLEcap . . ‡ 
BLEpen . . ‡ 
ASPric . . ‡ 
LAGstr . . ‡ 
UNCcla . . ‡ 
ASPter . . ‡ 
ASPflb . . ‡ 
MYCmur . . ‡ 
PYRele . . ‡ 
CARdeb . . ‡ 
HIElep . . • 
HIEpil . . • 
HIEpra . . • 
CYStas . . • 
HYMvil . . • 
MYRnum . . • 
URTinc . . • 
GALapa . . • 
SCHtri . . • 
GENcor . . • 
MELalp . . • 
ANTodo . . • 
CELcor . . • 
CLEmar . . • 
SENbel . . • 
ASPtri . . • 
HOLmol . . • 
ACAdum . . • 
ACIaur . . • 
ANIhaa . . • 
Carex spp. . . • 
CHIrig . . • 
GALpro . . • 
HYDmos . . • 
HYPmil . . • 
NEMtri . . • 
POAcol . . • 
PTEaus . . • 
SENwai . . • 
STEpar . . • 
VIOcun . . • 
  242
Table A1.4 – Percentage cover for each species 
recorded in class 4: Podocarpus cunninghamii – 
(Phyllocladus alpinus) woodland. 
.: absent; •: <1% cover; ‡: ≥1%, <5% cover 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
PODcun 37.7 37.3 20.0 
PHYalp 7.3 16.7 10.9 
HOHlya ‡ ‡ • 
MUEcom • ‡ ‡ 
HEBtra . 7.8 6.1 
PITten . 5.5 ‡ 
RIBuva . 5.3 9.2 
COPpro . 5.2 ‡ 
HEBsub . ‡ ‡ 
OLEnum . ‡ ‡ 
BRAmon . ‡ ‡ 
ROSrub . ‡ ‡ 
COPlin . ‡ • 
CARaus . ‡ ‡ 
ARIfru . ‡ ‡ 
DIStou . ‡ • 
PODniv . ‡ ‡ 
CORcot . ‡ • 
HEBodo . • • 
OZOlep . • ‡ 
CLEfor . • ‡ 
ACIgla . • • 
CARpet . • . 
CHIcon . • • 
PARcvt . • • 
PHOcoo . • • 
PSEcvt . • • 
HIElep . . 15.2 
MYCmur . . ‡ 
HIEpra . . ‡ 
HIEpil . . ‡ 
ASPflb . . ‡ 
BLEpen . . ‡ 
GALapa . . ‡ 
FESrub . . • 
ASPric . . • 
MELalp . . • 
CYStas . . • 
DACglo . . • 
PITano . . • 
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Table A1.4 continued 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
SCHtri . . • 
ACAcae . . • 
Vicia spp. . . • 
ASPter . . • 
ASPtri . . • 
HOLlan . . • 
HOLmol . . • 
CARbil . . • 
LUZulo . . • 
Myosotis spp. . . • 
POLves . . • 
ANIfil . . • 
Carex spp. . . • 
CELspe . . • 
COPpvl . . • 
CORkin . . • 
ECHvul . . • 
MYRnum . . • 
RAOsub . . • 
RUMace . . • 
ACAine . . • 
CARdeb . . • 
EPIatr . . • 
GERses . . • 
HYPper . . • 
HYPrad . . • 
NEMtri . . • 
POLneo . . • 
STEmed . . • 
STEpar . . • 
TRIrep . . • 
UNCfus . . • 
VERtha . . • 
 
 
 
 
 
 
 
 
 
 
 
  244
Table A1.5 – Percentage cover for each species 
recorded in class 5: Podocarpus cunninghamii – 
(Corokia cotoneaster) scrubland. 
.: absent; •: <1% cover; ‡: ≥1%, <5% cover 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
PODcun 18.9 31.9 18.0 
PARcvt • ‡ • 
PITten • ‡ • 
SOPmic • ‡ • 
HOHlya • ‡ ‡ 
RUBsch • ‡ ‡ 
MUEcom • ‡ 8.0 
MYRdiv • ‡ • 
PHYalp • • • 
CORcot . 15.7 7.8 
COPpro . 14.7 8.0 
HEBsub . 11.1 7.3 
MELalp . 5.6 7.5 
ARIfru . ‡ ‡ 
DIStou . ‡ ‡ 
ROSrub . ‡ ‡ 
COPrig . ‡ ‡ 
GRIlit . ‡ • 
PITano . ‡ ‡ 
PODniv . • • 
COPlin . • • 
CLEmar . • ‡ 
OLEnum . • • 
CARpet . • • 
OLEodo . • • 
MUEaus . • . 
PHOcoo . • • 
RIBuva . • • 
RUBcis . • • 
HIEpil . . ‡ 
HIEpra . . ‡ 
GALapa . . ‡ 
HOLlan . . ‡ 
HYPper . . ‡ 
FESnov . . ‡ 
HOLmol . . ‡ 
CYStas . . • 
ACAdum . . • 
ACIaur . . • 
CELcor . . • 
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Table A1.5 continued 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
POAcol . . • 
CERglo . . • 
ASPric . . • 
CLEfor . . • 
CHIrig . . • 
GAUcra . . • 
HELint . . • 
BLEpen . . • 
Carex spp. . . • 
RUMace . . • 
ACRcol . . • 
AGRpet . . • 
LUZruf . . • 
ANIfil . . • 
ASPflb . . • 
HIElep . . • 
ANTodo . . • 
ASPtri . . • 
COPdum . . • 
DRAuni . . • 
HEBbuc . . • 
HYPrad . . • 
PIMpse . . • 
TARoff . . • 
TRIrep . . • 
VIOcun . . • 
ASPter . . • 
CRAsin . . • 
EPIatr . . • 
STEmed . . • 
 
 
Table A1.6 – Percentage cover for each species 
recorded in class 6: Podocarpus cunninghamii – 
(Coprosma propinqua) treeland. 
.: absent; •: <1% cover; ‡: ≥1%, <5% cover 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
PODcun 24.0 45.6 28.7 
PHYalp • ‡ ‡ 
RUBsch • ‡ ‡ 
COPpro . 16.4 10.9 
DIStou . 10.9 6.8 
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Table A1.6 continued 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
ARIfru . 5.4 ‡ 
CORcot . 5.3 ‡ 
ROSrub . ‡ ‡ 
MUEcom . ‡ ‡ 
PODniv . ‡ 6.9 
CARpet . ‡ • 
MELalp . ‡ ‡ 
RIBuva . • ‡ 
CARcra . • • 
HEBsub . • • 
GRIlit . • • 
CLEmar . • • 
PARcvt . • . 
CHIrig . • . 
COPdum . • • 
COPrig . • • 
HIEpil . . 8.8 
FESnov . . 6.8 
HIEpra . . ‡ 
HIElep . . ‡ 
HOLmol . . ‡ 
BLEpen . . ‡ 
POLves . . ‡ 
AGRpet . . • 
ACIaur . . • 
LEUfra . . • 
RUMace . . • 
GALapa . . • 
LUZruf . . • 
ACAine . . • 
ASPflb . . • 
RAOsub . . • 
HOLlan . . • 
GAUdvn . . • 
ORErig . . • 
ACRcol . . • 
PACnov . . • 
GAUcra . . • 
TRIrep . . • 
CERglo . . • 
HEBpim . . • 
OREram . . • 
ANAbel . . • 
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Table A1.6 continued 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
ASPric . . • 
COPche . . • 
GERses . . • 
HEBbuc . . • 
POAcol . . • 
POAnov . . • 
SCHpau . . • 
CARdeb . . • 
MYCmur . . • 
VIOcun . . • 
HYPrad . . • 
BULang . . • 
COPpvl . . • 
SENwai . . • 
STEmed . . • 
TARoff . . • 
VERtha . . • 
 
 
Table A1.7 – Percentage cover for each species 
recorded in class 7: Kunzea ericoides – 
Podocarpus cunninghamii scrubland. 
.: absent; •: <1% cover; ‡: ≥1%, <5% cover 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
KUNeri 7.9 47.4 35.5 
PODcun 7.4 25.5 18.0 
COPpro . 6.4 5.1 
GAUant . ‡ ‡ 
DIStou . ‡ ‡ 
COPrig . ‡ ‡ 
CORcot . ‡ ‡ 
COPdum . ‡ ‡ 
CARpet . ‡ ‡ 
COPpse . ‡ ‡ 
DRAlon . ‡ ‡ 
ROSrub . • ‡ 
RUBsch . • • 
HIElep . . 21.1 
MELalp . . ‡ 
HOLmol . . ‡ 
POAcol . . ‡ 
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Table A1.7 continued 
Species 
Height strata 
>3 m 0.5 - 3 m <0.5 m 
DACglo . . ‡ 
AGRcap . . ‡ 
RUMace . . ‡ 
ACRcol . . ‡ 
ACIaur . . ‡ 
PODniv . . ‡ 
PTEesc . . ‡ 
FESnov . . • 
LEUfra . . • 
LUZruf . . • 
ACAcae . . • 
ASPter . . • 
BLEpen . . • 
HOLlan . . • 
HYPper . . • 
MUEcom . . • 
RIBuva . . • 
TRIrep . . • 
ASPric . . • 
GERses . . • 
HYPrad . . • 
TRIarv . . • 
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Appendix 2 
 
The full scientific species names of the National Vegetation Survey (NVS) codes 
used in Figure 3.3 (chapter 3) and Appendix 1.   
 
NVS code Species name 
ACAcae Acaena caesiglauca 
ACAdum Acaena dumicola 
ACAine Acaena inermis 
ACIaur Aciphylla aurea 
ACIcre Aciphylla crenulata 
ACIgla Aciphylla glaucescens 
ACRcol Acrothamnus colensoi 
AGRcap Agrostis capillaris 
AGRpet Agrostis petriei 
ANAbel Anaphalioides bellidioides  
ANIfil Anisotome filifolia 
ANIhaa Anisotome haastii 
ANTodo Anthoxanthum odoratum 
ARIfru Aristotelia fruticosa 
ASPfla Asplenium flaccidum 
ASPflb Asplenium flabellifolium 
ASPhoo Asplenium hookerianum 
ASPric Asplenium richardii 
ASPter Asplenium terrestre 
ASPtri Asplenium trichomanes 
ASTpet Astelia petriei 
BLEmon Blechnum montanum 
BLEpen Blechnum penna-marina 
BRAbuc Brachyglottis buchananii 
BRAcas Brachyglottis cassinioides 
BRAmon Brachyglottis monroi 
BULang Bulbinella angustifolia 
CARaus Carmichaelia australis 
CARbil Cardamine bilobata 
CARcra Carmichaelia crassicaulis 
CARdeb Cardamine debilis 
Carex spp. Unidentifed Carex spp. 
CARpet Carmichaelia petriei 
CARser Carpodetus serratus 
CELang Celmisia angustifolia 
CELcor Celmisia coriacea 
CELspe Celmisia spectabilis 
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CERglo Cerastium glomeratum 
CHIcon Chionochloa conspicua 
CHIrig Chionochloa rigida 
CLEfor Clematis forsteri 
CLEmar Clematis marata 
COPche Coprosma cheesemanii 
COPdum Coprosma dumosa 
COPlin Coprosma linariifolia 
COPpro Coprosma propinqua 
COPpse Coprosma pseudocuneata 
COPpvl Coprosma propinqua var. latiuscula 
COPpxr Coprosma propinqua × robusta 
COPrig Coprosma rigida 
COPrug Coprosma rugosa 
COPser Coprosma serrulata 
CORcot Corokia cotoneaster 
CORkin Coriaria kingiana 
CRAsin Crassula sinclairii 
CREcap Crepis capillaris 
CYSfra Cystopteris fragilis 
CYStas Cystopteris tasmanica 
DACglo Dactylis glomerata 
DIGpur Digitalis purpurea 
DIStou Discaria toumatou 
DRAlon Dracophyllum longifolium 
DRAuni Dracophyllum uniflorum 
ECHvul Echium vulgare 
EPIatr Epilobium alsinoides subsp. atriplicifolium 
EPIped Epilobium pedunculare 
FESnov Festuca novae-zelandiae 
FESrub Festuca rubra 
FUCexc Fucshia excorticata 
GALapa Galium aparine 
GALpro Galium propinquum 
GAUant Gaultheria antipoda 
GAUcra Gaultheria crassa 
GAUdvn Gaultheria depressa var. novae-zelandiae 
GENcor Gentiana corymbifera 
GERses Geranium sessiliflorum 
GRIlit Griselinia littoralis 
HEBbuc Hebe buchananii 
HEBodo Hebe odora 
HEBpim Hebe pimeleoides 
HEBsal Hebe salicifolia 
HEBsub Hebe subalpina 
HEBtra Hebe traversii 
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HEBtre Hebe treadwellii 
HELint Helichrysum intermedium 
HIElep Hieracium lepidulum 
HIEpil Hieracium pilosella 
HIEpra Hieracium praeltum 
HOHlya Hoheria lyallii 
HOLlan Holcus lanatus 
HOLmol Holcus mollis 
HYDmos Hydrocotyle moschata 
HYMvil Hymenophyllum villosum 
HYPmil Hypolepis millefolium 
HYPper Hypericum perforatum 
HYPrad Hypochoeris radicata 
KUNeri Kunzea ericoides 
LAGstr Lagenifera strangulata 
LEPsco Leptospermum scoparium 
LEUfra Leucopogon fraseri 
LUZbvr Luzula banksiana var. rhadina 
LUZruf Luzula rufa 
LUZulo Luzula ulophylla 
MELalp Melicytus alpinus 
MICpus Microsorum pustulatum 
MUEaus Muehlenbeckia australis 
MUEcom Muehlenbeckia complexa 
MYCmur Mycelis muralis 
Myosotis spp. Unidentified Myosotis spp. 
MYRdiv Myrsine divaricata 
MYRnum Mysine nummularia 
NEMtri Nematoceras trilobum 
OLEavi Olearia avicenniifolia 
OLEcor Olearia coriacea 
OLEnum Olearia nummulariifolia 
OLEodo Olearia odorata 
OREram Oreomyhrris ramosa 
OREram Oreomyrrhis ramosa 
ORErig Oreomyhrris rigida 
OZOlep Ozothamnus leptophyllus 
PACnov Pachycladon novae-zelandiae 
PARcvt Parsonsia capsularis var. tenuis 
PHOcoo Phormium cookianum 
PHYalp Phyllocladus alpinus 
PIMore Pimelea oreophila 
PIMpse Pimelea pseudolyallii 
PITano Pittosporum anomalum 
PITten Pittosporum tenuifolium 
POAcol Poa colensoi 
  252
POAnov Poa novae-zelandiae 
PODcun Podocarpus cunninghamii 
PODniv Podocarpus nivalis 
POLneo Polystichum neozelandicum  
POLves Polystichum vestitum 
PSEcol Pseudowintera colorata 
PSEcra Pseudopanax crassifolius  
PSEcvt Pseudopanax colensoi var. ternatus 
PTEaus Pterostylis australis 
PTEesc Pteridium esculentum 
PYRele Pyrrosia eleagnifolia 
RANref Ranunculus reflexus 
RAOsub Raoulia subsericea 
RAUano Raukaua anomulus 
RIBuva Ribes uva-crispa 
ROSrub Rosa rubiginosa 
RUBcis Rubus cissoides 
RUBsch Rubus schmidelioides 
RUMace Rumex acetosella 
SCHpau Schoenus pauciflorus 
SCHtri Schizeilema trifoliolatum 
SENbel Senecio bellidioides 
SENwai Senecio wairauensis 
SOPmic Sophora microphylla 
STEmed Stellaria media 
STEpar Stellaria parviflora 
TARoff Taraxacum officinale 
TRIarv Trifolium arvense 
TRIrep Trifolium repens 
UNCcla Uncinia clavata 
UNCfus Uncinia fuscovaginata 
URTinc Urtica incisa 
VERtha Verbascum thapsus 
VICIA spp. Unidentified Vicia spp. 
VIOcun Viola cunninghamii 
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Appendix 3 
 
The neighbour joining distance trees of obtained AMF sequences against GenBank 
accessions.  The maximum allowable fraction of mismatched bases was set at the 
BLAST default of 0.75. 
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Appendix 4 
 
The electropherograms of each obtained AMF sequence.  Each electropherogram only shows the portion of the sequence used for phylogenetic 
analysis. 
 
Glom-01 
 
 
 
 
 
 
 
 
 
 
 
    
260 
Glom-02 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
261 
Glom-03 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
262 
Glom-04 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
263 
Scut-01 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
264 
Scut-02 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  265
Appendix 5 
 
The difference between nurse plants on the growth and 
survival of Podocarpus cunninghamii seedlings in the 
Mackenzie Basin, eastern South Island, New Zealand 
 
Introduction 
Degradation of ecosystems is occurring worldwide.  Based on the model of threshold 
dynamics, severe degradation can result in an ecosystem passing a threshold level of 
disturbance and entering an alternative stable state (Suding & Hobbs 2009).  These 
alternative stable states pose a particular problem for ecological restoration because 
positive feedback mechanisms present within the new system help to maintain the 
system in the new state, making it difficult to reverse the effects of degradation 
(Suding et al. 2004).  In such instances, removal of degrading factors alone (e.g. 
grazing) without tackling the positive feedbacks (e.g. reductions in soil fertility 
favouring a different vegetation type) may be insufficient for ecological restoration.   
 
The Mackenzie Basin of eastern South Island, New Zealand, is a semi-arid 
intermontane environment that receives approximately 600 mm of rainfall per annum.  
The current vegetation is dominated by native tussock grasses (Festuca novae-
zelandiae and Poa colensoi (both Poaceae) heavily invaded by exotic forbs 
(Hieracium pilosella and Hieracium praealtum (Asteraceae)) (Meurk et al. 2002).  
Prior to human arrival much of this landscape was dominated by woody vegetation, 
with Podocarpus cunninghamii (Podocarpaceae) one of the dominant conifer species 
(McGlone 1989; McGlone 2004).  This wooded landscape has all but disappeared as a 
result of human induced fires and clearance for pastoral development.  These 
anthropogenic disturbances have pushed the original ecosystems across several 
ecological thresholds (Hobbs & Norton 2004), some of which are irreversible (Walker 
et al. 2009). 
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Given the sheer extent of deforestation that has occurred in the Mackenzie Basin and 
similar areas of eastern South Island since the Holocene (Rogers et al. 2007), and the 
conversion of this landscape to grassland, it is likely that changes in the hydrologic 
and nutrient cycles may also have taken place.  The loss of shading previously 
afforded by tree canopy cover and the increased exposure of the soil to the desiccating 
and erosive effects of the föhn winds that frequently sweep across the landscape may 
have led to a reduction in surface soil moisture and nutrient values.   
 
Attempts to restore parts of this landscape back to its former woody vegetation, by 
planting seedlings of Podocarpus cunninghamii, have been met with remarkable 
failure, despite the use of herbicide, fertiliser and grazing exclusion; exposure to wind 
and frost have been attributed to the failure (Ledgard 2004).  However, studies 
manipulating the environment, by providing shade and some shelter from frost 
damage, have found more encouraging results.  Payne & Norton (2010) found that 
beneath shade cloth, herbaceous foliar and surface soil moisture content increased 
compared to unshaded plots growing in the Mackenzie Basin.  In addition, it has been 
found that in the shelter of felled wilding conifers, the growth of native tussock 
grasses (Festuca novae-zelandiae) and woody shrubs (Discaria toumatou) increased 
compared with paired plots in the open (Paul & Ledgard 2008).  These results indicate 
that the abiotic environment of the deforested high country has altered, and that 
manipulation to provide woody plants with more shelter may be required for their 
successful establishment.   
 
A form of shelter that already exists in the high country is provided by extant woody 
vegetation: remnant patches of grey scrub communities and stands of exotic pines 
(both managed and wilding).  These vegetation communities could potentially be 
utilised as nurse plants by providing favourable conditions for native tree 
establishment, by increasing soil moisture values, aiding in the accumulation of soil 
nutrients, providing protection from herbivores, and by increasing shelter from 
environmental stressors (Callaway & Walker 1997; Padilla & Pugnaire 2006), such as 
frost damage and desiccating winds.  This study aimed to compare the growth and 
survival of Podocarpus cunninghamii seedlings planted within an exotic pine 
plantation and a remnant native shrubland within the Mackenzie Basin.   
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Methods 
Two planting environments (pine plantation and native shrubland) were selected from 
the Cass River Valley that feeds into Lake Tekapo.  The pine plantation (Pinus 
ponderosa) was planted as a shelterbelt on an alluvial terrace (approx. 800 m a.s.l.) 
(43° 51’ S, 170° 26’ E).  The section selected for planting was 0.021 ha in area (8 m × 
26 m), had a basal area of 77 m2.ha-1 and a mean top height of 15.41 m; the ground 
was covered by an exotic grass sward (Holcus mollis).  The native shrubland 
community was northeast facing, within a gully above the valley bottom (approx. 900 
m a.s.l.)  (43° 49’ S, 170° 23’ E).  The shrubland was dominated by Discaria 
toumatou, Coprosma propinqua and Melicytis alpinus.  Seedlings were planted in 
December 2008.  After planting each seedling was tagged and surrounded in hard 
plastic mesh to prevent damage from lagomorphs.  Stock (sheep and cattle) were able 
to access all paddocks except the pine plantation.  The height of each seedling at 
planting was measured.  The survival and height of each seedling was re-assessed 
over two growth seasons (November 2009 and May 2010).   
 
The relative height growth (RHG) of seedlings within the pine plantation and 
shrubland after one year were analysed using one-way ANOVA.  RHG of seedlings 
after two years were analysed using a linear mixed effects model, with the error 
structure of the random effects defined as individual tree within year of measurement.  
RHG was calculated by ln(final height) – ln(initial height).  RHG data were log-
transformed to fulfil the assumptions of ANOVA.  All seedlings that died were 
omitted from the analysis.  Two t-test was also performed on relative growth data, one 
within the pine plantation and one within the shrubland, to identify if growth rates 
changed significantly between years one and two. 
 
Seedling survivorship between the pine plantation and shrubland after two years were 
analysed using a linear mixed effects model on square root arcsine transformed data, 
with year specified as the random effect.    
 
Results 
After one year seedling growth was greatest in the pine plantation, but not 
significantly greater than growth in the shrubland (F1,23 = 1.83 p > 0.1; Figure A5.1).  
  268
1 2
Year
0.00
0.05
0.10
0.15
0.20
0.25
0.30
Pine
Shrubland
R
HG
cm
.c
m
1

After two years, the growth of seedlings within the pine plantation and shrubland 
remained equivalent (t21,21 = 1.13, p > 0.2; Figure A5.1).  However, the growth of 
seedlings within the pine plantation suffered a significant reduction from year one to 
two (t16 = 2.40, p < 0.05), while growth in the shrubland remained unchanged (t7 = 
0.05, p > 0.9).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A5.1 – Relative height growth of Podocarpus cunninghamii seedlings within 
the two planting environments over two years.   
 
The survivorship of seedlings was significantly different between the pine plantation 
and native shrubland (t1,1 = 12.97, p < 0.05; Figure A5.2), with survivorship being 
significantly higher in the pine plantation.  The majority of the mortality observed 
within the shrubland environment appeared attributable to livestock trampling, 
although several of the deceased did not show any signs of physical damage, 
suggesting a non-livestock factor was also a cause of mortality.  After two years, 
percent mortality within the shrubland attributable to trampling was 48%, while the 
remaining deceased, which showed no evidence of trampling damage, was 35% 
(Figure A5.3). 
 
 
  269
1 2
Year
0
20
40
60
80
100
Su
rv
iv
or
sh
ip
 (%
)
Pine
Shrubland
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A5.2 – Percentage of Podocarpus cunninghamii seedlings surviving within 
the two planting environments after two years.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure A5.3 – Percentage Podocarpus cunninghamii seedling mortality within native 
shrubland attributable to trampling. 
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Discussion 
The results of this study show that, after two growing seasons, the growth rate of 
Podocarpus cunninghamii seedlings planted within a pine plantation was not 
significantly different from seedlings planted within a native shrubland.  This suggests 
that both the exotic pine plantation and native shrubland environments have 
equivalent effects on Podocarpus cunninghamii seedling growth.   
 
In terms of seedling survivorship the native shrubland performed poorly.  After one 
year seedling mortality was 73% (Figure A5.3).  This suggests that native shrublands 
provide poor nurse cover.  It should be noted that the majority of this mortality was 
attributable to livestock trampling.  As such, despite the shrublands being thorny, due 
to Discaria toumatou, they were unable to provide protection from large domestic 
livestock (cattle).  However, trampling aside, seedling mortality within the shrubland 
in year one was 30%.  This rate of mortality after one year is still much greater than 
that recorded for seedlings planted in the pine plantation (10%).   
 
Seedling survivorship within the pine plantation, after two years, was high (85%), and 
suggests that Pinus ponderosa pine plantations may be suitable for providing nurse 
cover to Podocarpus cunninghamii seedlings.  This result contrasts markedly with 
that of Ledgard (2004), who reported 100% mortality of Podocarpus cunninghamii 
seedlings after four years beneath a nurse cover of Pinus radiata, within the 
Mackenzie Basin.  This high level of mortality was attributed to a drought event in the 
summer of 1998/99, which caused greater water stress for seedlings planted beneath a 
nurse crop compared to those planted in open grassland, where survivorship after four 
years was 39%; no drought was recorded in the two years of the current study.  
Another possible reason for the difference in Podocarpus cunninghamii seedling 
survival between the two pine plantations was that the one used in the current study 
was established as a shelterbelt, meaning it was narrow (8 m wide).  Resultantly, 
although the seedlings were beneath a closed canopy, they still received plentiful 
‘side-light’.  This was not the case for the seedlings in the Ledgard (2004) trial, where 
they were planted within a large plantation, and excessive shading may have 
increased mortality.   
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The results of this study showed that native shrubland was also unable to provide 
protection to seedlings from livestock.  The best way to achieve this appears to be by 
erecting stock proof fencing, as was done for seedlings planted in the pine plantation.  
Future work should reinvestigate the potential nurse effects of native shrublands once 
stock proof fencing has been erected.  In addition, this study compared differences in 
seedling growth and survival between different types of nurse plants, but not against 
seedlings planted without cover; this was done solely due to limitations in available 
Podocarpus cunninghamii seedlings of high country provenance.  As such it is not 
possible to say whether the presence of nurse cover provided any benefit to 
Podocarpus cunninghamii seedlings compared with seedlings planted without cover.  
Future studies should make such a comparison.  Finally, the effect of nurse plants may 
require more than one or two growth seasons to take effect, and as such this trial 
should continue to be monitored over the coming years. 
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